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Abstract 
Christopher, Micaela E. (Ph.D., Psychology and Neuroscience) 
Etiology and predictors of individual differences in early reading development 
Thesis directed by Professor Richard Olson 
 
 Learning to read is one of the most crucial academic milestones young children face.  
Even with consistent instruction, however, some children excel and become good readers, while 
other children struggle.  While most previous research in early reading development has been 
phenotypic, the three studies in this thesis used data from the International Longitudinal Twin 
Study (Byrne et al., 2009) to explore the genetic and environmental etiologies underlying 
individual differences in learning to read.  The first study fit longitudinal data on three measures 
of reading and one measure of spelling from twins in Colorado to biometric growth curves.  The 
results revealed that individual differences at the intercept (post-1st grade) and on rates of growth 
through the end of fourth grade were largely due to genetic influences, rather than shared 
environmental influences.  The second study expanded upon the first by including twins from 
Australia and Scandinavia, and by measuring growth from the end of kindergarten through the 
end of second grade.  The differences in intercept (post-kindergarten) etiologies between 
countries were consistent with the hypothesis that starting formal literacy education reduces the 
amount of environmental variance in a sample, thus increasing the proportion of variance due to 
genetic factors.  Individual differences in growth on reading, in contrast, had large genetic 
estimates in all samples.  While the first two studies focused on variance as children start to learn 
to read, the third study explored the etiology of the covariance between pre-reading skills and 
early reading development.  This study found that genetic influences on print knowledge, rapid 
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naming, phonological awareness, vocabulary, and phonological memory were predictive of early 
reading acquisition, even for pre-reading skills that had large shared environmental influences.  
Taken together, the results of the studies suggest that genetic influences are the primary reason 
why children in these samples varied in their early reading development.  While it is important to 
note that these results may not generalize to all populations or to a specific child, they are an 
important contribution to the reading literature.  Implications of these findings, including for 
future interventions and public policy, are discussed.           
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Chapter 1:  
Introduction 
 Early reading development is an issue of interest to multiple research fields, including 
cognitive psychologists interested in understanding the cognitive underpinnings of reading, 
education researchers interested in developing reading curriculums and interventions, writers of 
public policy looking at who to hold accountable for failures in reading acquisition, and linguists 
who study how children acquire language.  The interdisciplinary nature of the research in early 
reading development reflects the importance of learning to read in our society: The transition 
from pre-reader to reader that young children undergo is one of the most critical academic 
milestones humans face.  Given that reading is an essential component of academic and career 
success, children who find learning to read relatively easy will be better situated than children 
who find learning to read more challenging. 
Overall Aim 
 The overall aim of this dissertation is to bring together research I have been conducting 
over the last two years exploring the etiology and predictors of individual differences in early 
reading development, specifically rates of reading growth.  This research arose out of my desire 
to better understand the factors that allow some children to excel at learning to read, while other 
children struggle.  Understanding these factors offers insight into both the underlying processes 
affecting reading development as well as informing current policy debates over the roles of 
teachers, schools, and parents in successful reading acquisition.   
 The term early reading development refers to the period of transition from pre-reader to 
reader that begins around preschool and continues through early elementary school (Whitehurst 
& Lonigan, 1998).  It is important to note that this developmental stage includes pre-readers, 
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reflecting the idea that reading development occurs on a continuum, with successful reading 
acquisition building upon a foundation formed by pre-reading skills.  This dissertation addresses 
three specific questions that fall under the broad category of why children vary in their ability to 
learn how to read: (a) what are the genetic and environmental influences on the individual 
differences in both early reading ability and subsequent rates of growth?; (b) do these patterns of 
etiological factors hold across multiple countries?; and (c) how much and why do skills 
measured in preschoolers predict both early reading ability and rates of growth (i.e., what is the 
etiology of the common and unique covariance shared between precursor skills and reading 
development)?  By combining these questions, these studies provide a multilayered exploration 
of the factors that drive variation in early reading development.      
Why It is Important to Look Early in Reading Development 
 The first few years of reading development are crucial, as early levels of reading are 
directly related to future reading performance.  Specifically, individual differences on reading 
measures appear to stabilize within the first year of formal reading instruction (e.g., Aunola, 
Nurmi, Niemi, Lerkkanen, & Rasku-Puttonen, 2002; de Jong & van der Leij, 2002; Furnes & 
Samuelsson, 2011; Hecht, Burgess, Torgesen, Wagner, & Rashotte, 2000; Parrila, Aunola, 
Leskinen, Nurmi, & Kirby, 2005).  For example, Hecht et al. (2000) traced reading development 
from the fall of kindergarten through fourth grade for 197 children.  Their results showed that 
second grade scores on two word reading measures and one reading comprehension measure 
were highly correlated with fourth grade scores (r = .75 to .81).  In other words, over half of the 
variance in fourth grade reading ability for their sample was accounted for by second grade 
reading ability.  If corrected for the unreliability of the measures through the use of latent traits, 
the prediction would most likely be even higher (Hulslander, Olson, Willcutt, & Wadsworth, 
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2010). 
 Verhoeven and van Leeuwe (2008) used simplex models to test the stability of word 
decoding from first grade to sixth grade for a sample of 2,143 Dutch children.  High levels of 
stability (i.e., standardized regression coefficients between each time point ranging from .71 
to .98) were found across all grades.  Reading comprehension was tested from second grade to 
sixth grade and showed similarly high levels of stability across the grades (i.e., standardized 
regression coefficients between each time point ranging from .87 and .99).  Despite the fact that 
raw score means on the measures increased across all measurement occasions, children who 
scored the lowest as they started formal literacy instruction continued to score the lowest in sixth 
grade.  Taken together, the above results suggest that, once a child has been exposed to 
consistent, formal literacy instruction, one of the best predictors of future performance will be 
current reading ability (Hecht et al., 2000; Juel, 1988). 
 In addition to individual differences stabilizing after a year or two of formal literacy 
instruction, previous results show that children who start out in the lowest reading levels 
continue to read at a level lower than their peers (e.g., Fergusson, Horwood, Caspi, Moffitt, & 
Silva, 1996; Francis, Shaywitz, Stuebing, Shaywitz, & Fletcher, 1996; Juel, 1988; Scarborough, 
1998; Shaywitz et al., 1995).  While there is limited evidence that some children are able to 
switch from below-average to average (Phillips, Norris, Osmond, & Maynard, 2002) or from 
above-average to average (Shaywitz, Escobar, Shaywitz, Fletcher, & Makuch, 1992), these cases 
are rare.  In general, previous findings support the idea that reading ability rankings remain 
stable after a year or two of formal reading instruction. 
 As with all of the studies cited above, the vast majority of longitudinal early reading 
studies have been phenotypic, meaning that, for the most part, researchers have had to speculate 
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about the underlying sources of variance in reading ability.  Given that reading is a learned skill, 
the common view amongst reading researchers has been that the environment in which a child is 
raised and educated in will be a primary determiner of success at learning to read.  Unfortunately, 
phenotypic studies are limited in their abilities to directly test this hypothesis.  
 Behavior-genetic studies of early reading development are able to provide insight into the 
average etiology of individual differences in children’s reading abilities.  Behavior-genetic 
studies partition the variance of a variable into how much is driven by genetic and environmental 
factors by comparing within-pair similarities for large samples of monozygotic (i.e., identical) 
twins and dizygotic (i.e., fraternal) twins.  Monozygotic twins share 100% of their genes, while 
dizygotic twins share an average of 50% of their segregating genes.  Regardless of zygosity, it is 
assumed that both types of twins share 100% of their shared family and school environments.  
Using these assumptions, it is possible to portion the variance in a measure into estimates of how 
much is due to additive genetic influences, shared environmental influences, and nonshared 
environmental influences, that include measurement error.  For example, if individual differences 
on a task were 100% due to genetic influences, monozygotic twins would be perfectly correlated, 
while dizygotic twins would have a mean correlation of r = .50.  On the other hand, if variances 
were driven by only shared environmental factors, twin pairs in both zygosities would have a 
mean correlation of r = 1.00. Since identical twins share the same genes and family environment, 
the degree to which they are not perfectly correlated provides an estimate of non-shared 
environment influences (Plomin, DeFries, McClearn, & McGuffin, 2008).  
 Using this methodology, behavior-genetic studies of reading generally find that some 
reading-related skills, such as print knowledge and vocabulary, measured in preschool children 
have large amounts of variance accounted for by shared environmental factors, with smaller 
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genetic influences (e.g., Samuelsson et al., 2005).  However, after a year or two of receiving 
literacy instruction in school, the pattern of genetic and environmental influences flips, with 
individual differences on reading measures becoming driven primarily by genetic influences (e.g., 
Byrne et al., 2007, 2009; Olson et al., 2011; Harlaar, Spinath, Dale, & Plomin, 2005; Samuelsson 
et al., 2008).  In other words, once a child been exposed to a year of formal literacy instruction, 
the extent to which he or she varies from their peers is due largely to genetic influences rather 
than to primarily environmental influences, such as family and school environment. 
What About Rates of Early Reading Growth? 
 While most studies of early reading focus on reading at specific time points, there has 
been less research examining growth itself.  Using longitudinal statistical techniques such as 
latent growth modeling, studies show that trajectories of growth on common measures of reading 
are, on average, nonlinear, with high rates of growth in the first year or two of formal reading 
instruction that decrease sharply over time (e.g., Bast & Reitsma, 1997; Francis et al., 1996; 
Parrila et al., 2005; Pianta, Belsky, Vandergrift, Houts, & Morrison, 2008; Sonnenschein, 
Stapleton, & Benson, 2010).  However, as with most previous research in reading development, 
these studies have been mostly phenotypic.  To date, there is very limited research into the 
etiology of individual differences in early growth rates.  By exploring the etiology of growth, it is 
possible to start answering the question: What affects variance in how quickly children learn to 
read?   
 Petrill et al. (2010) was the first published paper to explore the etiology of individual 
differences in the rate of early reading growth.  Using a twin sample from Ohio, Petrill et al. 
measured twins at three time points, at mean ages 6.07-, 7.16-, and 8.24-years-old, roughly 
matching up to the end of kindergarten, first grade, and second grade.  After fitting a linear 
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biometric growth model to the data, Petrill et al. found mostly shared environmental influences, 
with smaller significant genetic influences for individual differences at the first wave (the 
intercept) for the three reading measures.  Individual differences in the subsequent rate of growth 
on these tests, however, were driven only by shared environmental influences.  
The results of Petrill et al. (2010) seem inconsistent with research mentioned earlier 
showing that genetic influences on reading ability increase during early reading development. 
Chapter 2 will discuss why the sampling procedure in Petrill et al. may have led to low genetic 
and high environmental estimates, but regardless of that issue, the general biometric growth 
model employed by Petrill et al. is an important methodological advance over simply assessing 
genetic and environmental etiology at each time point across development.  As will be expanded 
upon in the next section, the dataset used in this dissertation is one of the few datasets in the 
world that is also able to explore the etiology of individual differences in early reading 
development.  This afforded us the unique opportunity to apply, and expand upon, Petrill et al.’s 
statistical approach.  
 Growth modeling of early reading traces the development of reading once children have 
already started to learn to read.  An additional question regarding reading growth is: What skills 
in pre-readers are tied to future rates of reading growth?  This is an important question given that 
most measures of reading show large amounts of reading growth occur during the first year or 
two of formal literacy instruction, with sharp declines after this timeframe.  Combined with the 
findings that individual differences in reading ability are largely stable and heritable after a year 
or two of reading instruction, identifying skills that are predictive of early reading development 
offers potential avenues for understanding both how to identify children who may struggle 
learning to read, as well as providing additional insight into the cognitive and linguistic skills 
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that influence and form a foundation for early reading trajectories.   
 Previous research into early longitudinal predictors of reading has largely focused on 
predicting reading at specific time points in development (e.g., Adlof, Catts, & Lee, 2010; 
Boscardin, Muthén, Francis, & Baker, 2008; de Jong & van der Leij, 1999; Foulin, 2005; 
Georgiou, Parrila, & Papadopoulos, 2008; Lervåg, Bråten, & Hulme, 2009).  In general, these 
studies support longitudinal correlations between skills such as phonological awareness, print 
knowledge, rapid naming, vocabulary, and phonological memory with word reading ability in 
early elementary school.  The strength of these correlations can vary depending on whether the 
skill is measured on its own or in combination with other skills, and when in development 
reading is measured  (e.g., Furnes & Samuelsson, 2011; Hecht et al., 2000; Kirby, Parrila, & 
Pfeiffer, 2003).   
 The role of these precursor skills on rates of reading growth is still an open question, as 
studies of reading growth have largely been separate from studies of early predictors.  In addition, 
due to logistical reasons, most previous studies that have purported to measure early predictors 
of reading development recruited their participants in kindergarten or first grade (Boscardin et al., 
2008; Hecht et al., 2000; Parrila, Kirby, & McQuarrie, 2004; Roth, Speece, & Cooper, 2002).   If 
the goal is to understand precursor skills that predict individual differences in early reading 
development, measuring the skills after children have started to learn to read can inflate the 
magnitude of the relations between the predictors and reading ability given that these predictors 
are known to be reciprocally related to reading development (e.g., Parrila, Kirby, & McQuarrie, 
2004; Perfetti, Beck, Bell, & Hughes, 1987).  In order to understand whether it is possible to 
predict future rates of reading growth in pre-readers, it is important to measure the skills prior to 
the children entering kindergarten, when some children start to receive formal reading instruction. 
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International Longitudinal Twin Study 
 The dataset used in this dissertation, the International Longitudinal Twin Study (ILTS; 
Byrne et al., 2009), includes a battery of measures given when the children were in preschool.  
As discussed earlier, many longitudinal studies of early reading start measuring children after 
they are already attending elementary school.  By measuring skills prior to receiving any formal 
literacy instruction, the ILTS is able to capture the transition from pre-reader to reader. 
 In addition, while early reading development has been a focus of much previous research, 
the vast majority of studies have been phenotypic.  Because the ILTS is a twin study, I was able 
to study the etiology of individual differences in early reading using behavior-genetic approaches.  
Only three other longitudinal twin studies have measured reading ability in young readers: the 
Western Reserve Reading Project in Ohio (WRRP; Petrill et al., 2007), the Twins Early 
Development Study (TEDS; Trouton, Spinath, & Plomin, 2002) in England, and the Florida 
Twin Project in Reading (Taylor, James, Reeves, & Bobadilla, 2006).  The ILTS is unique, even 
amongst the small number of twin studies, in two main ways.  First, as mentioned earlier, it 
includes preschool skills.  Second, it consists of twins from Australia (n pairs = 259), the US (n 
pairs = 489), and Scandinavia (Sweden n pairs = 178; Norway n pairs = 102), allowing for 
comparison between countries.    
 Over the last decade, the ILTS tested twins on a variety of reading and reading-related 
measures at five time points: prior to starting primary school (preschool), post-kindergarten, 
post-first grade, post-second grade, and post-fourth grade.  In preschool, the twins were assessed 
on pre-reading skills including phonological awareness, vocabulary, naming speed, phonological 
memory, and print knowledge.  At post-kindergarten through post-fourth grade, the twins were 
given a variety of reading measures, including speeded word reading (Torgesen, Wagner, & 
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Rashotte, 1999), speeded nonword reading (Torgesen et al., 1999), spelling (Jastak & Wilkinson, 
1984), and reading comprehension (Woodcock, 1987).   
How This Dissertation Helps Fill Gaps in Previous Research 
 The studies included help to fill at least two gaps that currently exist in the literature 
regarding individual differences in early reading development, specifically regarding rates of 
reading growth: (a) the etiology of individual differences in early reading acquisition and (b) the 
etiology of the covariance between precursor skills and early reading development.   
 Understanding the etiology of individual differences in early reading ability and 
subsequent growth is the focus of Chapters 2 and 3.  Chapter 2 is centered on Christopher et al. 
(in press).  In this study, we used biometric growth modeling to explore the genetic and 
environmental influences on individual differences in reading comprehension, word reading, 
nonword reading, and spelling, both at the end of first grade and on rates of growth through the 
end of fourth grade.  By modeling reading development through the end of fourth grade, these 
analyses are among the first to explore the etiology of reading development during the theoretical 
transition from “learning to read” to “reading to learn” (Chall, 1983), where, by the end of fourth 
grade or so, children are able to use reading as a learning tool.   
 Chapter 3, which encompasses a manuscript currently under review (Christopher et al., 
2012a), expands upon Chapter 2 by comparing patterns of etiological influences in samples from 
the U.S., Australia, and Scandinavia.  Christopher et al. (in press), as well as other similar studies 
(Hart et al., in press; Logan et al., in press; Petrill et al., 2010), only include samples of American 
children.  Contrasting the three sampling areas in Chapter 3 is informative, not only because of 
the differences in languages, but also because the countries vary widely in their approaches to 
early literacy instruction.  For example, our Australian data is primarily from New South Wales 
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where kindergarteners all attend full-day and receive large amounts of formal literacy instruction.  
In contrast, the U.S. children are drawn from Colorado, which not only has a mix of full- and 
half-day kindergartens, but also the amount of time devoted to literacy instruction varies between 
kindergartens.  Both Australia and the U.S. contrast with Scandinavia, that historically has not 
spent any time in kindergarten on literacy instruction, believing that kindergarten is a time for 
social development.  Modeling growth in reading from kindergarten through second grade in 
each of these countries, therefore, allows us to test whether differences in literacy instruction 
translate into differences in the etiology of individual differences in reading development. 
 Chapter 4 presents a study currently in preparation (Christopher et al., 2012b) that 
addresses the question of why skills measured in preschoolers predict future reading ability and 
growth.  Our study first measured children as preschoolers (note that the term “preschoolers” 
does not necessarily imply that all of the twins included attended formal preschool, only that they 
were measured prior to starting kindergarten), who have not started formal literacy instruction.  
As noted earlier, this allows us to minimize the reciprocal relations between predictors and 
reading found in most previous studies of early predictors; thus, we are able to better capture the 
longitudinal link between the predictors and future reading ability. 
 Two additional strengths of this study is that (a) each of the five predictor skills in the 
ILTS dataset (print knowledge, rapid naming, phonological awareness, vocabulary, and 
phonological memory) has multiple measures and that (b) all five preschool predictors are 
included in one model.  Previous studies of early predictors of reading ability rarely include more 
than two or three of the predictors.  By including all five, it is possible to estimate the extent to 
which each predictor independently predicts reading after controlling for shared variance.  This 
will help to answer, for example, whether phonological awareness longitudinally predicts 
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variance in reading on its own, or whether because it shares variance with the other preschool 
measures.  In addition, because there are multiple measures for each predictor, the predictor 
skills are modeled as latent variables, helping to minimize measurement error.   
 Finally, because the dataset comes from a twin study, it is possible to assess the extent to 
which the precursor skills share genetic and environmental variance with growth in reading 
ability.  This is an important extension of previous work as it is able to address not only how the 
relations between levels of preschool phonological awareness, print knowledge, rapid naming, 
phonological memory, and vocabulary with reading ability may change over reading 
development, but also the underlying genetic and environmental etiologies of those relations.  If, 
for example, rapid naming shares genetic variance with rates of reading growth, the underlying 
processes responsible for making young children quicker at naming stimuli could also be driving 
reading acquisition.  If the genetic variance in naming speed does not overlap with the genetic 
variance in reading growth, on the other hand, the relation between naming speed and future 
reading may be due to other factors, such as familiarity with letters and numbers.   
 Taken together, these three studies provide an in-depth examination of the genetic and 
environmental factors that are associated with variation in early reading development.  Chapter 5, 
the general conclusion, will bring together the results in order to highlight general implications 
regarding individual differences in early reading development.  By the end of the dissertation, 
readers should have a better understanding of the factors underlying why children vary in their 
early reading development, as well as how these results can inform debates regarding the roles of 
schools, teachers, and parents for reading acquisition.    
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Chapter 2: 
Modeling the Etiology of Individual Differences in Early Reading Development: Evidence 
for Strong Genetic Influences 
Note: The following chapter comes from Christopher et al. (in press), to be published in 
Scientific Studies of Reading. 
 In the first years of formal schooling, learning to read is one of the major academic 
milestones children reach.  A major goal of reading research, therefore, is to understand what 
factors underlie individual differences in this period of reading development.  While most 
previous research has focused on predictors of early reading ability, either concurrently or 
longitudinally, researchers are increasingly exploring influences on the growth of reading (e.g., 
Morgan, Farkas, & Wu, 2011; Parrila, Aunola, Leskinen, Nurmi, & Kirby, 2005; Petrill et al., 
2010; Sonnenschein, Stapleton, & Benson, 2010).  The current study extends this work by using 
latent growth models in conjunction with behavioral genetic approaches (i.e., a biometric latent 
growth curve model, or biometric growth model, for short) to explore the etiology of individual 
differences in the rate of early reading growth.  
 Most previous studies of early reading development have used either phenotypic or 
behavioral genetic approaches separately.  Previous phenotypic research has explored growth in 
emergent reading ability by using statistical techniques such as latent growth curve models, 
simplex models, or hierarchical linear modeling.  These studies consistently show that growth on 
most early reading tests is nonlinear, with high rates of growth in the first year or two of 
instruction, which then decrease as children age (e.g., Bast & Reitsma, 1997; Francis, Shaywitz, 
Stuebing, Shaywitz, & Fletcher, 1996; Leppanen, Niemi, Aunola, & Nurmi, 2004; McCoach, 
O’Connell, Reis, & Levitt, 2006; Parrila et al., 2005; Sonnenschein et al., 2010).  How much and 
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at what stage of reading development the rate declines will vary, as Paris (2005) points out, 
depending on the reading skill being assessed as well as the items used.  In addition, the exact 
timing of reading acquisition can also vary across orthographies; word reading accuracy, for 
example, is known to develop more quickly in orthographies that are more transparent than 
English (e.g., Landerl & Wimmer, 2008).  Therefore, as Parrila et al. (2005) argue, models of 
reading development should not assume linearity.  Assuming linearity could conceal variability 
in growth, as developing readers will grow and plateau along different trajectories depending on 
variance in their own ability, the orthography, and the reading skills being assessed.    
 Previous behavioral genetic studies of the etiology of individual differences in reading in 
kindergarten through fourth grade have generally found primarily genetic influences and much 
lower estimates of environmental influences by the end of the first year of formal reading 
instruction (e.g., Byrne et al., 2007; 2009; Harlaar, Spinath, Dale, & Plomin, 2005; Taylor & 
Schatschneider, 2010).  In addition, previous studies found strong genetic influences on the 
longitudinal stability of early reading development (e.g., Byrne et al., 2007; 2009).  
 An important extension of previous phenotypic and behavioral genetic studies is the use 
of biometric growth models.  These models essentially combine phenotypic and behavioral 
genetic statistical approaches and are able to decompose the extent to which individual 
differences at a particular time point and in subsequent growth are driven by genetic and 
environmental factors.  For early reading development, these models test whether the same 
genetic or environmental influences that make children different from each other as they start to 
learn to read affect how well they continue to learn to read.   
 To date, only one published study has applied biometric growth models to early reading 
development (Petrill et al., 2010).  Petrill et al. used data from identical and fraternal twins on 
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reading and reading-related tests.  The twins were assessed at mean ages 6.07, 7.16, and 8.24 
years, roughly matching up to the end of kindergarten, first grade, and second grade.  After 
fitting a linear biometric growth model to the data, Petrill et al. found mostly shared 
environmental influences and smaller but significant genetic influences for individual differences 
at the first wave (the intercept) for the three reading measures.  Individual differences in the 
subsequent rate of growth on these tests, however, were driven only by shared environmental 
influences.  In contrast, significant genetic influences for individual differences for growth were 
found for two reading-related skills, rapid naming and phonological awareness. 
   The biometric growth model results for the three reading measures in Petrill et al. (2010) 
appear inconsistent with previous behavioral genetic studies of reading development that 
routinely show strong genetic influences on both the longitudinal stability over this age range 
(e.g., Byrne et al., 2009; Petrill et al., 2007) as well as at each time point (e.g., Harlaar et al., 
2005; Petrill et al., 2007; Samuelsson et al., 2007).  Indeed, studies have shown primarily genetic 
influences at the end of first grade (Byrne et al., 2007; Taylor & Schatschneider, 2010).  While it 
is certainly possible that the etiology of individual differences in the rate of growth could be 
different from the etiology at a particular time point, the conclusion that variation in rate of 
reading acquisition was due to only shared environmental influences seemed to be inconsistent 
with the current literature.  Further evidence appears to be needed before concluding that there 
are no genetic influences on rate of growth.  
Current Study 
 The current study was motivated by the fact that the etiology of individual differences in 
early reading development remains poorly understood with only one published study (Petrill et 
al., 2010).  By fitting biometric growth models to our data collected from twins in Colorado, we 
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are able to estimate the extent to which genetic and environmental factors influence variance in 
early reading growth amongst twins in our sample.  In addition, our biometric growth models 
expand upon those used in Petrill et al. by: (a) fitting nonlinear functions, (b) allowing unique 
variances (i.e., residuals specific to each time point) to correlate in order to limit twin similarity 
not related to reading development, and (c) adding covariates to test potential sources of genetic 
and environmental influences.  Taken together, our results extend previous research findings 
regarding the etiology of early reading development. 
Methods 
Participants 
Participants in the current study are part of the ongoing International Longitudinal Twin 
Study (ILTS; Byrne et al., 2009) that includes twins from Australia, Colorado, and Scandinavia.  
Due to significant differences between countries in mean performance and reading education in 
kindergarten prior to the first testing wave (Samuelsson et al., 2008), only participants from 
Colorado with English as their first language, recruited based on birth records, are included in 
the present analyses.  The Colorado sample at the end of kindergarten consisted of 225 
monozygotic (MZ; i.e., identical) twin pairs and 262 same-sex dizygotic (DZ; i.e., fraternal) twin 
pairs for a total of 487 pairs.  By post-4th grade few pairs had been lost to attrition; the sample 
consisted of 210 MZ and 254 DZ pairs.  Zygosity was determined from DNA collected via cheek 
swabs, or in a minority of cases from selected items from the Nichols and Bilbro (1966) 
questionnaire.  Mean ages in years (standard deviation, range) were 6.27 (.31, 5.50-7.08), 7.42 
(.32, 6.58-8.67), 8.45 (.31, 7.67-9.50), and 10.45 (.32, 9.67-11.67) for the post-kindergarten, 
post-1st grade, post-2nd grade, and post-4th grade waves, respectively.  T-tests corrected for twin 
  16 
non-independence revealed only one significant sex effect (p = .04 at post-4th grade Passage 
Comprehension). 
Procedure and Measures 
  The measures included in the present analyses are from larger test batteries that were 
administered in the ILTS in the summer after each school year.  Testing at each time point was 
conducted in a single session lasting about 1 hour in the twins’ homes.  Two testers separately 
assessed each twin at the same time.  For all measures, raw scores based on total number correct 
were used. 
Word and nonword reading.  The Test of Word Reading Efficiency (TOWRE; Torgesen, 
Wagner, & Rashotte, 1999), Form A was administered post-kindergarten, post-1st grade, post-2nd 
grade, and post-4th grade.  In the Sight Word Efficiency subtest (Sight) children read a list of 
difficulty-ordered words as quickly as possible, with the score being the number correctly read in 
45 seconds.  The Phonemic Decoding Efficiency subtest (Decode) is a list of pronounceable 
nonwords administered in the same way.  Test-retest reliability for children aged 6- to 9-years-
old was reported as .97 for Sight and .90 for Decode.  
Reading comprehension.  The Woodcock Passage Comprehension subtest from the 
Woodcock Reading Mastery Test (Woodcock, 1987) was administered post-1st grade, post-2nd 
grade, and post-4th grade. This test uses a cloze procedure; participants read short passages 
silently and are asked to provide the missing word that completes the sentence. Split-half 
reliability in grade 1 is .94. 
Spelling.  The Wide Range Achievement Test Spelling Production subtest (Spelling) 
(Jastak & Wilkinson, 1984) was administered post-1st grade, post-2nd grade, and post-4th grade. 
Participants generate written spellings of orally presented words. The test consists of 45 items 
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administered in increasing order of difficulty, and the test is discontinued after 10 consecutive 
spelling errors. The published alternate form reliability is .90. 
School literacy and parent education measures.  The ILTS Colorado dataset also 
includes measures of parental education, the averaged maternal and paternal self-report of years 
of education and, for children attending public school, school literacy, the school average 
reading and writing scores from the Colorado Student Assessment Program (CSAP). 
Analyses 
To assess genetic, shared environmental, and non-shared environmental influences on 
initial performance and on subsequent growth on the reading measures, we fitted biometric 
growth models (see McArdle, Prescott, Hamagami, & Horn, 1998; Reynolds et al., 2005) using 
the Mx software (Neale, Boker, Xie, & Maes, 2003).  As shown in Figure 1, biometric growth 
modeling is a combination of latent growth curve modeling (Byrne & Crombie, 2003; Loehlin, 
1998; Meredith & Tisak, 1990; Preacher, Wichman, MacCallum, & Briggs, 2008) and the 
standard twin model that decomposes phenotypic variance into independent genetic variance (a2), 
shared environmental variance (c2), and non-shared environmental variance (e2).  The latent 
Intercept factor represents ability level at a particular time point, while the two growth latent 
factors, Slope and Quadratic, represent increases in scores over time (Slope) and either 
acceleration or deceleration in Slope over time (Quadratic).  The loadings from Intercept are 
fixed to 1, while the loadings from Slope and Quadratic are scaled to the interval between time 
points.  Not displayed in Figure 1, but present in our analyses, is a control for age at Time 1 
modeled as a definition variable (Neale et al., 2003).    
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Figure 1.  Biometric Quadratic Growth Model (Centered at Second Time Point).  Note that age 
at the 1st time point has been controlled for as a definition variable in Mx and that correlations 
between unique variances (u’s) at each time point have been constrained equal within zygosity. 
 
The two TOWRE measures, Sight and Decode, were given at four time points, allowing 
us to fit them to biometric quadratic growth models.  Passage Comprehension and Spelling were 
only given at three time points.  Therefore we were unable to fit quadratic growth and, instead, 
fit the data to biometric unspecified growth models.  Unspecified latent growth models (Byrne & 
Crombie, 2003; Duncan, Duncan, Strycker, Li, & Alpert, 1999; Preacher et al., 2008) refer to 
models wherein at least one loading from the growth latent factor is estimated in the model, 
rather than fixing all loadings a priori to a linear function.1  In unspecified growth models, the 
                                                
1 Examination of our raw scores across time points showed nonlinear growth.  For example, 
participants gained an average of 8.10 raw score points on Passage Comprehension between the 
end of kindergarten and end of first grade, but only gained 8.14 raw score points between the end 
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growth factor is sometimes referred to as “Shape” to highlight that it is different from a fixed 
linear pattern (i.e., “Slope”).  The biometric unspecified growth models fit to Passage 
Comprehension and Spelling are very similar to the model shown in Figure 1, but without the 
Quadratic factor and with the third time point loading estimated.   
 As in the twin model, the covariance between Twin 1 and Twin 2 on latent Intercept and 
the latent growth variables is a combination of genetic influences (A) and shared environmental 
influences (C).  All Intercept, Slope, and Quadratic correlations between Twin 1 and Twin 2 for 
MZ twins are set to 1 as they share 100% of both their genes and shared environment (see Figure 
1).  For DZ twin pairs, the correlations between Twin 1 and Twin 2 for Intercept C, Slope C, and 
Quadratic C are also set to 1, as they also share 100% of shared environment.  However the twin 
correlations for Intercept A and latent growth A are set to .5 as DZ twins share 50% of their 
segregating genes.  There are no correlations between twins for non-shared environment (E), as 
that is independent for each member of the twin pair.  The square of the resulting loadings from 
each A, C, and E factor onto Intercept, Slope, and Shape estimates the proportion of variance 
accounted for by genetic, shared environmental, and non-shared environmental influences. 
 Finally, unique variance, also known as time-point-specific error, is denoted by the small 
u’s under each time point.  The unique variances represent the extent to which each person’s 
observed score at a time point varies from the score estimated by the latent growth model.  As in 
any latent variable model, this variation can be caused by a variety of factors, most notably 
measurement error, that will make a person’s score at one time point diverge from what would 
be expected based upon the other time points.  Biometric growth models use pair-level data with 
                                                                                                                                                       
of 2nd grade and the end of 4th grade (see Table 1).  For Passage Comprehension we also have W-
scores (i.e., IRT-scaled scores). While in some cases using W-scores may correct nonlinearity, 
our results did not change with W-scores. 
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unique variances for each twin in the pair.  By not allowing correlations between the unique 
variances, all twin similarity in the model is assumed to be related to the latent intercept and 
growth factors.  However, these residuals could include meaningful twin similarity that is 
unrelated to the latent factors due to poor fit or violation of model assumptions.  It is also 
possible that the factors driving unique variances may be related within twin pair.  Even in a 
well-fitting model, time-point-specific factors such as family disruptions (e.g., divorce, moving, 
or a new baby), motivation, and tester effects could cause errors to be related within-pair.  In a 
model without unique variance correlations, therefore, the biometric estimates for intercept and 
growth will be a decomposition of variance related both to reading development and to other, 
time-point-specific, similarity.  Depending on the magnitude and nature of the relation between 
the unique variances, this could lead to inaccurate genetic or shared environmental estimates for 
reading development.  In line with other researchers who included unique variance correlations 
in their biometric growth models (e.g., McArdle & Plassman, 2009; Reynolds et al., 2005), we 
directly test the significance of these correlations in our models.2 
Results 
Descriptive Statistics and Univariate Heritability Estimates 
 Table 1 presents the means and standard deviations for the two TOWRE measures, 
Passage Comprehension, and Spelling.  Note that the N’s at each time point do not exactly match 
the 487 twin pairs (974 individuals) due to missing data.  While we use raw scores to measure 
growth in the biometric growth models, the standard scores allow us to compare our sample to 
the standardizing population averages for the TOWRE measures, Passage Comprehension, and  
                                                
2 We tested three variations: allowing all correlations to vary, constraining all correlations equal 
across zygosity and time points, and constraining all correlations equal within zygosity (i.e., one 
correlation for MZ twins and one correlation for DZ twins).  
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Table 1.  
Descriptive and Univariate Statistics. 
  SS Raw Univariate Estimates 
 n Mean SD Mean SD a2 c2 e2 
TOWRE Sight 
Post-KG 973 96.99 10.54 12.85 12.63 .68* .22* .10* 
      [.54, .85] [.05, .36] [.08, .12] 
Post-1st 955 102.23 14.02 40.25 16.68 .84* .02 .14* 
      [.66, .89] [.00, .20] [.11, .17] 
Post-2nd 964 103.05 14.28 54.29 14.30 .73* .08 .19* 
      [.56, .84] [.00, .24] [.15, .23] 
Post-4th 926 102.39 12.16 68.95 11.11 .57* .15 .29* 
      [.36, .76] [.00, .32] [.23, .36] 
TOWRE Decode 
Post-KG 973 102.13 8.37 5.51 6.32 .63* .12 .25* 
      [.43, .79] [.00, .30] [.21, .31] 
Post-1st 953 100.71 12.79 17.13 10.56 .82* .00 .18* 
      [.70, .85] [.00, .11] [.15, .22] 
Post-2nd 962 100.22 13.43 23.85 11.44 .75* .04 .21* 
      [.56, .83] [.00, .22] [.17, .26] 
Post-4th  926 102.76 13.60 35.11 11.09 .74* .03 .22* 
      [.55, .82] [.00, .22] [.18, .28] 
Woodcock Passage Comprehension 
Post-1st  960 104.80 12.84 24.36 8.43 .71* .10 .20* 
      [.53, .83] [.00, .26] [.16, .25] 
Post-2nd 964 100.12 12.13 31.46 7.24 .59* .14 .27* 
      [.39, .77] [.00, .31] [.22, .34] 
Post-4th  928 98.52 13.79 39.68 7.14 .68* .04 .28* 
      [.47, .77] [.00, .23] [.23, .35] 
WRAT Spelling 
Post-1st 960 100.14 15.44 12.71 5.23 .68* .10 .23* 
      [.49, .81] [.00, .27] [.19, .28] 
Post-2nd   964 97.28 15.91 17.93 5.80 .81* .00 .19* 
      [.62, .85] [.00, .18] [.15, .23] 
Post-4th 928 100.70 14.98 25.56 6.57 .77* .07 .16* 
        [.59, .87] [.00, .24] [.13, .20] 
Note: KG = Kindergarten; a2 = proportion of variance due to genetic influences; c2 = proportion 
of variance due to shared environmental influences; e2 = proportion of variance due to nonshared 
environmental influences. 
* p < .05 determined using 95% confidence intervals, shown in brackets. 
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Spelling.  The means for the standard scores show that our sample is very close to the 
standardizing population mean standard score of 100 at each of the time points.  The standard 
score standard deviations on Sight, Decode, and Passage Comprehension are mostly lower than 
the standardizing population average of 15, especially post-kindergarten on Sight and Decode, 
suggesting a floor effect the consequences of which will be considered in the Discussion. 
 Also included in Table 1 are the results from univariate analyses that provide estimates of 
what proportion of variance at each time point is due to genetic (a2), shared environmental (c2), 
and non-shared environmental (e2) influences.  Across all time points on the four tests, individual 
differences are driven primarily by genetic influences.  Shared environmental influence is 
significant only at post-kindergarten on Sight.  Non-shared environmental influences, including 
measurement error, are significant for all time points.  
Biometric Growth Models 
 Quadratic growth.  Table 2 presents the biometric quadratic growth modeling results for 
the Sight and Decode measures.  For each measure, two different models were fit: one assuming 
that unique variances were correlated within twin pair (Correl.) and one assuming that unique 
variances were independent within twin pair (Indep.). Estimates of genetic (a2), shared 
environmental (c2), and non-shared environmental (e2) influences were obtained by squaring the 
loadings of latent Intercept, latent Slope, and latent Quadratic onto the A, C, and E factors 
(shown in Figure 1).  Due to the large floor effect at the first time point (post-kindergarten) as 
well as to facilitate comparison with Passage Comprehension and Spelling, the quadratic 
function was centered at the second time point (post-1st grade).  The means, variances, and 
biometric estimates reported for Intercept reflect children’s scores on the measure at the end of  
  
23 
T
ab
le
 2
.  
E
st
im
at
es
 fr
om
 B
io
m
et
ri
c 
Q
ua
dr
at
ic
 G
ro
w
th
 C
ur
ve
 M
od
el
s (
C
en
te
re
d 
Po
st
-1
st
 G
ra
de
) o
f M
ea
ns
, V
ar
ia
nc
e,
 a
nd
 P
ro
po
rt
io
ns
 o
f V
ar
ia
nc
e 
in
 In
te
rc
ep
t a
nd
 
G
ro
w
th
 D
ue
 to
 G
en
et
ic
 a
nd
 E
nv
ir
on
m
en
ta
l I
nf
lu
en
ce
s. 
 
 
In
te
rc
ep
t 
Sl
op
e 
Q
ua
dr
at
ic
 
 
L
at
en
t I
nt
er
ce
pt
 
L
at
en
t S
lo
pe
 
L
at
en
t Q
ua
dr
at
ic
 
V
ar
ia
bl
e 
M
od
el
 
M
ea
n 
V
ar
. 
M
ea
n 
V
ar
. 
M
ea
n 
V
ar
. 
r U
ni
qu
e 
a2
 
c2
 
e2
 
a2
 
c2
 
e2
 
a2
 
c2
 
e2
 
  
T
O
W
R
E
 
Si
gh
t 
K
G
 –
 4
th
 
In
de
p.
 
38
.2
4 
18
4.
20
 2
1.
12
 2
9.
66
 -3
.6
5 
3.
52
 
M
Z 
= 
0 
D
Z 
= 
0 
.8
5*
 
[.6
8,
 .9
6]
 
.0
9 
[.0
0,
 .2
7]
 
.0
5*
 
[.0
3,
 .0
8]
 
.5
9*
 
[.2
9,
 .8
7]
 
.3
3*
 
[.0
6,
 .6
0]
 
.0
9*
 
[.0
3,
 .1
6]
 
.7
2*
 
[.4
1,
 .9
4]
 
.2
0*
 
[.0
1,
 .4
9]
 
.0
8*
 
[.0
3,
 .1
6]
   
C
or
re
l. 
38
.2
3 
18
2.
91
 2
1.
10
 2
6.
62
 -3
.6
4 
3.
14
 
M
Z
 =
 .5
3 
D
Z
 =
 .3
2 
.8
3*
 
[.6
6,
 .9
3]
 
.0
9 
[.0
0,
 .2
6]
 
.0
8*
 
[.0
6,
 .1
1]
 
.8
0*
 
[.4
6,
 .9
1]
 
.0
6 
[.0
0,
 .3
7]
 
.1
4*
 
[.0
8,
 .2
3]
 
.8
6*
 
[.5
5,
 .9
3]
 
.0
1 
[.0
0,
 .3
0]
 
.1
3*
 
[.0
7,
 .2
1]
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
T
O
W
R
E
 
D
ec
od
e 
K
G
 –
 4
th
 
In
de
p.
 
16
.2
1 
81
.0
4 
9.
39
 1
6.
60
 -1
.0
4 
1.
46
 
M
Z 
= 
0 
D
Z 
= 
0 
.9
0*
 
[.7
3,
 .9
4]
 
.0
1 
[.0
0,
 .1
8]
 
.0
8*
 
[.0
6,
 .1
2]
 
.7
5*
 
[.4
9,
 .9
2]
 
.1
5*
 
[.0
02
, .
40
]  
.1
0*
 
[.0
5,
 .1
7]
 
.7
9*
 
[.5
0,
 .9
5]
 
.1
4*
 
[.0
01
, .
41
] 
.0
7*
 
[.0
2,
 .1
6]
  
C
or
re
l. 
16
.2
1 
80
.2
3 
9.
38
 1
5.
32
 -1
.0
3 
1.
27
 
M
Z
 =
 .3
9 
D
Z
 =
 .1
4 
.8
8*
 
[.6
9,
 .9
2]
 
.0
1 
[.0
0,
 .1
9]
 
.1
1*
 
[.0
8,
 .1
5]
 
.7
9*
 
[.5
1,
 .9
2]
 
.0
8 
[.0
0,
 .3
4]
  
.1
3*
 
[.0
8,
 .2
0]
 
.8
1*
 
[.5
5,
 .9
3]
 
.0
3 
[.0
0,
 .2
9]
 
.1
5*
 
[.0
7,
 .2
6]
  
N
ot
e:
 In
te
rc
ep
t i
s c
en
te
re
d 
at
 th
e 
se
co
nd
 ti
m
e 
po
in
t (
po
st
-1
st
 g
ra
de
). 
 T
he
 fo
ur
 ti
m
e 
po
in
ts
 in
cl
ud
ed
: p
os
t-k
in
de
rg
ar
te
n,
 p
os
t-1
st
, p
os
t-2
nd
, a
nd
 p
os
t-4
th
.  
In
de
p.
 =
 
M
od
el
 w
ith
ou
t u
ni
qu
e 
va
ria
nc
es
 c
or
re
la
te
d;
 C
or
re
l. 
= 
M
od
el
 w
ith
 u
ni
qu
e 
va
ria
nc
e 
co
rr
el
at
io
ns
, c
on
st
ra
in
ed
 w
ith
in
-z
yg
os
ity
; r
U
ni
qu
e =
 c
or
re
la
tio
ns
 fo
r u
ni
qu
e 
va
ria
nc
es
; M
Z 
= 
m
on
oz
yg
ot
ic
; D
Z 
= 
di
zy
go
tic
; a
2  =
 p
ro
po
rti
on
 o
f v
ar
ia
nc
e 
du
e 
to
 g
en
et
ic
 in
flu
en
ce
s;
 c
2  =
 p
ro
po
rti
on
 o
f v
ar
ia
nc
e 
du
e 
to
 sh
ar
ed
 e
nv
iro
nm
en
ta
l 
in
flu
en
ce
s;
 e
2  =
 p
ro
po
rti
on
 o
f v
ar
ia
nc
e 
du
e 
to
 n
on
sh
ar
ed
 e
nv
iro
nm
en
ta
l i
nf
lu
en
ce
s. 
 T
he
 e
nd
or
se
d 
fin
al
 m
od
el
, b
as
ed
 o
n 
bo
th
 b
et
te
r m
od
el
 fi
t a
nd
 th
eo
re
tic
al
 
re
as
on
s, 
is
 sh
ow
n 
in
 b
ol
d.
 
* 
p 
< 
.0
5 
de
te
rm
in
ed
 u
si
ng
 9
5%
 c
on
fid
en
ce
 in
te
rv
al
s, 
co
nf
id
en
ce
 in
te
rv
al
s p
re
se
nt
ed
 in
 b
ra
ck
et
s. 
  24 
first grade.  In all cases the Quadratic is negative, suggesting that rates of growth declined over 
this period of reading development. 
 As discussed previously, our decision to test the correlations between the unique 
variances was motivated by the fact that factors driving unique variance may be related within 
the twin pair.  The overall fit statistic for models using raw data in Mx, log likelihood (-2LL), is 
sensitive to the scale of the data and is not, on its own, interpretable.  Given that the independent 
unique variances model is nested under the correlated unique variances model, we tested the 
significance of including the correlations by calculating the change in -2LL, which approximates 
a chi-square distribution.  Assuming that the unique variances were not correlated significantly 
decreased the fit of the model for both TOWRE measures (Sight: Δ -2LL = 226.53, Δ df = 2, p 
< .01; Decode: Δ -2LL =76.36, Δ df = 2, p < .01).  In addition, as shown in Table 2, the 
monozygotic (MZ) twin correlations were roughly twice the size of the dizygotic (DZ) twin  
correlations (Sight: rUnique = .53 and .32; Decode: rUnique = .39, .14).  Not only were the unique 
variances significantly correlated, therefore, but the pattern of correlations (i.e., higher MZ 
correlations than DZ correlations) suggests that part of the reason they are correlated is due to 
genetic influences.  Because of better model fit, as well as to account for twin similarity that is 
independent of the latent factors, we chose the correlated model as our final model and will focus 
all subsequent results and discussion on these results. 
 The biometric estimates for Sight and Decode at intercept show that variance at the end 
of first grade was driven primarily by large genetic influences (a2Intercept = .83 and .88 for Sight 
and Decode, respectively), with significant, but small, non-shared environmental influences 
(e2Intercept = .08 and .11), and small, nonsignificant shared environmental influences (c2Intercept 
  25 
= .09 and .01).  Over 80% of the variance in post-1st grade Sight and Decode scores, therefore, 
was due to genetic influences.   
 Similar patterns of biometric estimates, with large, significant genetic influences and 
small shared and non-shared environmental influences, were also found for linear Slope (Sight: 
a2Slope = .80, c2Slope = .06, e2Slope = .14; Decode: a2Slope = .79, c2Slope = .08, e2Slope = .13).  Finally, 
the biometric estimates on the Quadratic factor also showed that deceleration in growth rates 
were also primarily influenced by genetic factors (Sight: a2Quadratic = .86, c2Quadratic = .01, e2Quadratic 
= .13; Decode: a2Quadratic = .81, c2Quadratic = .03, e2Quadratic = .15).  Individual differences in 
development of fluent and accurate word reading (Sight) and nonword reading (Decode) in our 
sample, therefore, were driven largely by genetic influences. 
 Unspecified growth.  In addition to the two TOWRE measures, our participants were 
tested on Passage Comprehension and Spelling.  As discussed earlier, these two measures were 
given post-1st grade, post-2nd grade, and post-4th grade; thus, we are unable to fit the data to a 
latent quadratic model.  In order to capture the nonlinear pattern of growth shown in the raw 
variables (Table 1), these two measures were fit to biometric unspecified growth models.  Table 
3 shows the results of these models.  Table 3 is very similar to Table 2, with one extra column 
(3rd loading) showing the estimated loading from Shape to the third time point.  This loading was 
estimated at 2.14 for Passage Comprehension and 2.45 for Spelling, showing that participants 
gained a little over half as many raw score points between second and fourth grade as they did 
between first and second grade. 
 Identical to our approach with Sight and Decode, we tested whether the unique variances 
for Passage Comprehension and Spelling were significantly correlated within twin-pairs.  As in 
the TOWRE models, allowing the unique variances to correlate significantly improved the fit of 
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the models (Passage Comprehension: Δ -2LL = 30.84, Δ df = 2, p < .01; Spelling: Δ -2LL = 
24.40, Δ df = 2, p < .01).  The MZ twin correlations were, again, roughly twice the size of the DZ 
twin correlations (Passage Comprehension: rUnique = .33 and .14; Spelling: rUnique= .31, .12).  This 
suggests that part of what the unique variance correlations are capturing is due to genetic 
influences.  As with the TOWRE measures, we chose the correlated model as our final model 
and will focus all subsequent results and discussion on the results from this model. 
 Individual differences at post-1st grade for Passage Comprehension and Spelling, like the 
TOWRE measures, were largely due to genetic influences (a2Intercept = .74 and.75 for Passage 
Comprehension and Spelling, respectively).  Shared and non-shared environmental influences 
were small (c2Intercept = .14 and .10; e2Intercept = .12 and .15).  Unlike Sight and Decode, variance 
on growth rates (Shape) showed evidence of moderate, although not significant, shared 
environmental influences in addition to significant genetic and nonshared environmental 
influences (a2Shape = .27 and .31; c2Shape = .35 and .36; e2Shape = .38 and .32).  Individual 
differences in our sample for reading comprehension and spelling development from post-1st 
grade through post-4th grade, therefore, appear to be driven by both genetic and environmental 
factors.   
 Individual differences at post-1st grade for Passage Comprehension and Spelling, like the 
TOWRE measures, were largely due to genetic influences (a2Intercept = .74 and.75 for Passage 
Comprehension and Spelling, respectively).  Shared and non-shared environmental influences 
were small (c2Intercept = .14 and .10; e2Intercept = .12 and .15).  Unlike Sight and Decode, variance 
on growth rates (Shape) showed evidence of moderate, although not significant, shared 
environmental influences in addition to significant genetic and nonshared environmental 
influences (a2Shape = .27 and .31; c2Shape = .35 and .36; e2Shape = .38 and .32).  Individual 
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differences in our sample for reading comprehension and spelling development from post-1st 
grade through post-4th grade, therefore, appear to be driven by both genetic and environmental 
factors.   
 Estimating overlap of biometric influences between latent Intercept and latent 
growth.  In addition to estimating the proportion of variance in initial ability and growth due to 
genetic and environmental influences, the biometric growth model also estimates the extent to 
which the genetic and environmental influences on the latent Intercept were shared with the 
latent Shape (in the unspecified model) or with the latent Slope and Quadratic factors (in the 
quadratic model).  In other words, are the factors that affect reading ability at the end of first 
grade the same as the factors that affect reading growth through the end of fourth grade?  
 The biometric correlations in Table 4 estimate how much the genetic and environmental 
influences overlap.  For example, the genetic correlation between Intercept and Slope on Decode 
was large and significant at .90, suggesting that nearly all of the genetic influences on a child’s  
rate of growth are shared with those influencing performance at Intercept.  For Sight, the genetic 
correlation between Intercept and Slope was smaller but significant at .48, suggesting that some 
of the genetic influences on individual differences in Slope were shared with Intercept, with 
some independent genetic influences for Slope as well.  The genetic correlations between 
Intercept and Quadratic were large and significant (-.74 for Sight and -.98 for Decode).  As with 
the correlation between Intercept and Slope, the magnitude of correlation for Sight was 
significantly less than 1.00; thus, some genetic influences for rates of growth were independent 
of intercept.  For both variables, the genetic correlations between Slope and Quadratic (i.e., how 
quickly growth rates declined) were large (-.94 for Sight and -.97 for Decode).  The negative 
signs on the correlations with the Quadratic indicate that the genetic factors that made a child  
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Table 4.  
Genetic and Environmental Correlations between Intercept and Growth Latent Variables. 
 Genetic Shared Environment Nonshared Environment 
TOWRE Sight Kindergarten – 4th  
 Intercept Slope  Intercept Slope  Intercept Slope  
Slope .48* 
[.28, .63] 
  -.88 
[-1.00, 1.00] 
  .95* 
[.77, 1.00] 
  
Quadratic -.74* 
[-.85, -.62] 
-.94* 
[-.96, -.90] 
 .57 
[-1.00, 1.00] 
-.90 
[-1.00, 1.00] 
 -.99* 
[-1.00, -.89] 
-.98* 
[-1.00, -.91] 
 
TOWRE Decode Kindergarten – 4th 
 Intercept Slope  Intercept Slope  Intercept Slope  
Slope .90* 
[.79, 1.00] 
  -.34 
[-1.00, 1.00] 
  .94* 
[.79, 1.00] 
  
Quadratic -.98* 
[-1.00, -
.92] 
-.97* 
[-1.00, -.92] 
 .20 
[-1.00, 1.00] 
-.99 
[-1.00, 1.00] 
 -.96* 
[-1.00, -.83] 
-.79* 
[-.92, -.59] 
 
Woodcock Passage Comprehension 1st – 4th   
 Intercept   Intercept   Intercept   
Shape -.69*  
[-1.00, -
.27] 
  -.86*  
[-1.00, -.47] 
  -.50*  
[-.68, -.18] 
  
WRAT Spelling 1st – 4th 
 Intercept   Intercept   Intercept   
Shape .82*  
[.18, 1.00] 
  -.74  
[-1.00, .82] 
  -.35*  
[-.55, -.03] 
  
Note: Unspecified model with three time points estimated for Passage Comprehension and Spelling: post-1st, 
post-2nd, and post-4th grade.  Quadratic model with four time points (including post-kindergarten) estimated for 
TOWRE Sight and Decode.   
* p < .05 determined using 95% confidence intervals, confidence intervals presented in brackets. 
higher at the end of first grade and have higher rates of growth resulted in more deceleration of 
growth rates.  Finally, given that we found small and non-significant shared environmental 
estimates for Intercept, Slope, and Quadratic, it is not surprising that none of the shared 
environmental correlations were significant.  
 The pattern of genetic and environmental correlations between Intercept and Shape for 
Passage Comprehension tells a slightly different story.  The genetic correlation was large and 
significant at -.69 as was the shared environmental correlation at -.86, but the negative sign 
suggests that the genetic and shared environmental influences that made a child higher at 
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Intercept also made the child grow at a slower rate over time.  Conversely, on Spelling, the 
genetic correlation between Intercept and Shape was significantly positive at .82.  Genetic 
influences on intercept that were shared with rates of growth, therefore, made children higher 
both initially and on growth rates.  The shared environmental correlation for Spelling was not 
significant. 
 Testing potential sources of biometric estimates.  We separately included two 
covariates, parental education and school literacy.  To the degree that parent education and 
school differences account for shared environmental variance, their inclusion as covariates 
should reduce the estimates of shared environment influence and increase estimates of genetic 
influence.  As Table 5 shows, the covariates were significant predictors of individual differences 
in intercept and rates of growth in most cases, accounting for a maximum of 7 percent of the 
variance.  While some of the biometric estimates differ between our main results reported in 
Table 3 and Table 4 and the subsample with available CSAP scores in Table 5, the pattern of 
biometric estimates was similar with and without the covariates included, suggesting that our 
measures of parental education and school literacy scores fail to account for significant genetic 
or shared environmental influences on the reading and spelling measures. 
Discussion 
 The goal of the present study was to examine the etiology of individual differences in 
early reading development by fitting biometric growth models to longitudinal twin data.  Our 
results suggest that individual differences in three measures of reading and one spelling measure 
at the end of first grade as well as subsequent growth through the end of fourth grade are driven 
primarily by genetic influences, with some differences arising from the measures used and 
assumptions underlying the modeling.  These results are discussed as follows: (a) we briefly 
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review the main findings; (b) we discuss how our results expand upon previous early reading 
development research; (c) we highlight limitations of the current methodology that should be 
taken into account for our study and all similar studies; finally, (d) we discuss the larger 
implications of our results. 
Genetic and Environmental Influences on Early Reading 
 We tested our participants on two measures of fluent and accurate word reading and 
decoding, Sight and Decode, at the end of kindergarten, first grade, second grade, and fourth 
grade.  In addition, our participants were tested on a measure of reading comprehension and a 
measure of spelling at the end of first grade, second grade, and fourth grade.  Within our sample, 
genetic influences appear to be the primary source of variance both at the end of first grade and 
on how quickly children continue to grow through the end of fourth grade.  For all four measures, 
estimates for intercept from the best-fitting biometric growth model (shown in Table 2 and Table 
3) showed the same pattern as the univariate results (Table 1) for post-1st grade: strong genetic 
influences with small and nonsignficant shared environmental influences.  The biometric growth 
models also tested the genetic and environmental influences on individual differences in rate of 
growth.  Variance in growth (both Slope and Quadratic) on Sight and Decode was explained by 
strong genetic influences with small and nonsignificant shared environmental influences.   
 Passage Comprehension and Spelling showed a different pattern for variance on growth 
rates, with moderate genetic influences and, although not significant, also showed evidence for 
shared environmental influences.  The lack of significance is partially due to the large confidence 
intervals on growth rates compared to Sight and Decode, a consequence of the smaller amounts 
of variance in growth rates for Passage Comprehension and Spelling than for Sight and Decode 
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(see Table 2 and Table 3).  This lack of variance suggests that children in our sample grew at 
similar rates for Passage Comprehension and Spelling over this developmental window.  
 In addition to these variance differences, Sight and Decode differ from Passage 
Comprehension and Spelling because they are timed, fluency-and accuracy-based measures 
while Passage Comprehension and Spelling measure accuracy alone.  This raises the possibility 
that timed measures could have larger heritability estimates for growth than untimed measures of 
reading.  However, reading comprehension and spelling, as larger constructs, are different from 
speeded word reading and decoding in more ways than simply the speeded component.  In 
addition, as shown in the univariate estimates, by the end of fourth grade there are strong genetic 
influences for all measures.  Given that individual differences in timed and untimed reading 
measures are equally heritable by the time the twins finished fourth grade, it seems unlikely that 
the differences in genetic and environmental influences on growth rates for these measures is due 
primarily to the speed requirements.   
 Finally, the results from the latent intercept and growth correlations (Table 4) showed 
that genetic influences on individual differences in growth had significant overlap with genetic 
influences on individual differences at the end of first grade.  Given that our estimates of shared 
environmental influences on growth rates were close to zero for Sight and Decode and not 
significant for all of the measures, the shared environmental correlations between intercept and 
growth rates were generally also not significant.  The one exception, the shared environmental 
correlation between Intercept and Shape for Passage Comprehension, was significant but 
negative (-.86).  Combined with the significant negative genetic correlation between Intercept 
and Shape, it appears as though the genetic and shared environmental influences that resulted in 
higher comprehension performance at the end of first grade are associated with lower growth 
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rates through the end of fourth grade, probably reflecting the nonlinear nature of reading 
comprehension development. 
Extending Previous Research on the Etiology of Early Reading Development 
 Our results expand upon previous phenotypic studies of early reading development by 
exploring the etiology of individual differences in growth.  In addition, they expand upon 
previous behavioral genetic studies of early reading by exploring growth instead of focusing on 
specific time points.  Finally, our models incorporate two major modifications to the models 
presented in the only currently published biometric growth curve study of early reading (Petrill et 
al., 2010): using unspecified models to capture nonlinear growth, even with three time points, 
and allowing time-point-specific variances to correlate.  
It is interesting that the current results contrast with Petrill et al. (2010) and show that 
individual differences in growth are not driven primarily by environmental factors, but by 
genetic factors.  In addition to possible demographic and measure differences, we believe that the 
discrepancy in results is likely due to three main ways our samples and models differ.  First, 
there was more uniformity in instructional exposure at each wave of our study.  Our twins were 
tested during the summers following each school year, whereas the first wave in Petrill et al. 
included twins tested not just during kindergarten but also during first grade; thus, their first 
wave included pairs with quite different amounts of shared environment for formal reading 
instruction during the period of most rapid reading development.  Second, the present study used 
nonlinear growth models, in line with both our own raw descriptive statistics and evidence from 
previous phenotypic latent growth modeling (e.g., Bast & Reitsma, 1997; Francis et al., 1996; 
Parrila et al., 2005), whereas Petrill et al. assumed linear growth.  Indeed, recent results from Dr. 
Petrill and colleagues using nonlinear growth models have indicated significant genetic 
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influences on individual differences in reading growth (Logan et al., in press).   Finally, our 
models go beyond Petrill et al. by including correlations between the unique variances. The fact 
that the unique variance correlations were significant for all four measures shows that the latent 
intercept and growth factors did not capture all of the twin similarity in our data.  Including the 
unique variance correlations, therefore, allowed us to limit non-growth-related twin similarity in 
our biometric estimates.   
Caveats for Biometric Growth Models of Early Reading Development 
 Biometric growth models share assumptions about the normality of the underlying 
variable distributions with many other statistical methods for studying developmental processes.  
As shown in Table 1, the descriptive statistics for the first wave, post-kindergarten, show a large 
floor effect for both Sight and Decode.  Some of our participants were initially unable to do the 
tasks, due to the fact that they were non-readers at the end of kindergarten.  While floor effects 
are common in studies of young readers (e.g., Catts, Petscher, Schatschneider, Bridges, & 
Mendoza, 2009) and are nearly impossible to avoid if one is interested in studying early reading 
ability, it is important to note that our estimates of individual differences in growth are limited by 
insensitivity of the measures to individual differences among pre-readers. 
It is also important to keep in mind when interpreting analyses of individual differences 
in reading growth that variance in growth tends to be much smaller than variance at intercept 
(McCoach et al., 2006; Parrila et al., 2005; Phillips, Norris, Osmond, & Maynard, 2002; 
Sonnenschein et al., 2010).  The idea that growth rates would be less variable than initial ability 
fits in with the consistent finding that children’s reading ability relative to their peers is largely 
stable throughout elementary school (Butler, Marsh, Sheppard, & Sheppard, 1985; Francis et al., 
1996; Juel, 1988; McNamara, Scissons, & Gutknecth, 2011; Morgan et al., 2011; Scarborough, 
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1998; Torgesen, Rashotte, & Alexander, 2001).  This is not to say that reading growth is not 
happening, just that individual differences in growth rate are small.  Therefore, saying that 
individual differences in growth in reading are driven primarily by either genetic or 
environmental factors may not have large practical implications if the magnitude of the effect is 
small. 
Implications of Our Results 
 The finding that performance on our measures of early reading development is driven 
primarily by genetic factors has important implications for education policy.  Specifically, these 
results refute the idea that differences amongst schools in general, and teachers in particular, are 
the primary influence on individual differences in early reading achievement.  However, these 
results may be limited to populations with universal and relatively consistent reading instruction; 
estimates of genetic and environmental influences could differ in populations with more 
variation in instruction and reading practice.  Of course children learn to read largely from 
reading instruction and practice in school, but this study suggests that variance in learning rates 
for reading in this environmental context is primarily due to genetic differences.  Consistent with 
this result, Byrne et al. (2010) showed that twin pairs separated into different classrooms in 
kindergarten, first grade, or second grade are only slightly less similar than twin pairs in the same 
classrooms.  Classroom effects accounted for only 8% of the variance, consistent with the only 
large experimental study of classroom effects on early reading (Nye, Konstantopoulos, & Hedges, 
2004).   
It is important to note the types of conclusions that cannot be drawn from biometric 
growth models.  These models estimate the average genetic and environmental etiology of 
individual differences for our sample and others like it, but they are not able to address the 
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etiology of reading development for a particular child.  Also, estimates of genetic and 
environmental influences are proportional and dependent on the amount of genetic and 
environmental variance being sampled: increased environmental variance, due to a broader 
sampling of socio-economic status, linguistic background, or differences in approaches to 
instruction, could yield different results.  For example, Samuelsson et al. (2007) found low 
genetic and high shared environmental influences on reading at the end of kindergarten in 
Scandinavia, where letter-sound and reading instruction in school was delayed until first grade.  
But by the end of first grade, Samuelsson et al. found that individual differences in reading 
among the Scandinavian children were mostly due to genetic influences.  This result is consistent 
with findings from other representative twin samples tested near the end of the first year of 
formal reading instruction from Australia, Colorado, the U.K., and Florida (Byrne et al., 2007; 
2009; Harlaar et al., 2005; Taylor & Schatschneider, 2010).    
 Testing potential sources of genetic and shared environmental influences.  While the 
current results offer insight into the etiology of early reading development, an important next 
step is to understand the sources of the genetic and shared environmental influences.  Because 
our shared environment estimates were so low, and the main effects of the covariates were weak, 
although significant, we were unable to detect large changes in our pattern of genetic and 
environmental influences.  Regardless, we encourage researchers to move from speculation 
regarding sources to data-supported claims by including potential genetic and environmental 
covariates. 
Conclusion 
  Although we recognize that extreme environmental variation in early reading 
development may have large effects on individual and group differences, the small shared family 
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and school environment influences on variation in our twins’ early reading and spelling 
development seem inconsistent with current popular and political views in the United States, as 
illustrated by the No Child Left Behind Act (NCLB; 2008), that individual differences in 
children’s early reading skills are primarily due to environmental differences related to family 
environment and/or teacher and school quality.  While there is considerable evidence that 
intensive intervention can significantly ameliorate reading difficulties in some children, other 
children may still fall short of grade level due to their slower genetically influenced learning 
rates in reading and related skills (Byrne et al., 2008; Byrne et al., in press).  Therefore, greater 
attention to the importance of genetic influences could lead to a more nuanced and realistic 
understanding of individual differences in children’s early reading development. 
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CHAPTER 3: 
The Genetic and Environmental Etiologies of Individual Differences in Early Reading and 
Spelling Growth in Australia, the United States, and Scandinavia 
Note: The following chapter comes from Christopher et al. (2012a), currently under review. 
 Understanding why children vary in their early reading development is the goal of much 
research.  The focus of the present study is on the genetic and environmental etiologies of 
individual differences in early reading development, specifically rates of reading and spelling 
growth, within the first years of primary school.  What sets this study apart from previous 
biometrical growth modeling research of early reading and spelling development is our inclusion 
of identical and fraternal twin data from Australia and Scandinavia (i.e., Norway and Sweden), in 
addition to the United States (U.S.).  This allows us to address the question of how genetic and 
environmental influences on individual differences in early reading and spelling growth vary 
cross-nationally and cross-linguistically. 
 Recent behavioral genetic research has begun exploring the genetic and environmental 
etiologies of individual differences in growth on reading in two different U.S. twin samples 
(Christopher et al., in press; Logan et al., in press; Petrill et al., 2010).  Rather than focusing on 
static time points, these biometric growth-curve studies have explored whether the genetic and 
environmental factors that drive differences as children start to read continue to affect 
subsequent reading growth across the early grades.   
 In our previous study (Christopher et al., in press), we fit biometric growth models to 
reading and spelling data from twins in Colorado.  The twins were tested starting at either the 
end of kindergarten (for two fluency- and accuracy-based word reading and non-word reading 
measures) or the end of first grade (for reading comprehension and spelling) and were tested 
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through the end of fourth grade.  The results showed that for all four measures, genetic factors 
were the main influences on individual differences at the end of first grade (the intercept), with 
small and nonsignificant shared environmental influences.  Patterns of genetic and environmental 
influences for growth on the measures from first grade to fourth grade also showed strong and 
significant genetic influences.  Spelling and reading comprehension also showed evidence of 
moderate, although not significant, shared environmental influences.  We concluded that, for our 
measures and sample, variance in both initial reading and spelling ability and subsequent growth 
was driven primarily by genetic influences.  In addition, we found that, overall, there was very 
little variance in rates of growth on the measures compared to the much larger variance at 
intercept; thus, our twins appeared to grow on the reading and spelling measures at roughly the 
same rate.   
 Recent studies from an Ohio twin study have used biometric growth modeling to test the 
etiology of individual differences in early reading development.  The first, Petrill et al. (2010), 
found moderate genetic and strong shared environmental influences on three reading measures 
(letter identification, word reading, and decoding) at the first assessment wave (the intercept) 
when the twins ranged in age from 4.33- to 7.92-years-old, mean age of 6.07-years-old.  
Individual differences in linear growth on the three reading measures over the next two yearly 
assessment waves, however, were driven solely by shared environmental influences.   
 Logan et al. (in press) expanded upon Petrill et al. (2010) by including three additional 
yearly assessment waves up until the twins’ mean age was 12.17-years-old, by including a 
reading comprehension measure, and by fitting the data to nonlinear growth models.  Individual 
differences for growth (both linear slope and quadratic growth) on word reading and nonword 
reading now had both genetic and shared environmental influences, although only shared 
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environmental influences were significant for growth on reading comprehension.  Finally, Logan 
et al. found that the genetic influences on growth rates were independent of the genetic 
influences on the first assessment wave, and there was significant negative overlap between the 
shared environmental influences at the first wave and subsequent rates of growth.    
 To summarize, recent behavioral genetic studies exploring the etiology of individual 
differences in early reading and spelling growth have shown that growth on some early reading 
and reading-related measures is due primarily to genetic factors (i.e., fluent and accurate word 
reading and non-word reading in Christopher et al., in press), with other measures showing either 
evidence for small and non-significant shared environmental influences in addition to large 
genetic influences (i.e., reading comprehension and spelling in Christopher et al., in press), both 
significant genetic and shared environmental influences (word reading and decoding in Logan et 
al., in press), or primarily shared environmental influences (reading comprehension in Logan et 
al., in press).  The etiology of individual differences in reading and reading-related measures, 
therefore, may vary depending on the measures and sample.  The small number of studies overall, 
however, as well as the discrepant findings, suggests the need for additional analyses using 
independent samples.    
 In addition, all previous biometric growth models of early reading and spelling 
development were fitted to data from U.S. twins.  It is possible that children learning to read in 
countries with different approaches to literacy instruction or different orthographies may show 
different genetic and environmental etiologies.  The present study includes children from 
Scandinavia, Australia, and the U.S. (We note here that Norway and Sweden are combined 
together to increase sample size and are jointly referred to as “Scandinavia.”)  Previous studies 
using the same dataset, the International Longitudinal Twin Study (ILTS; Byrne et al., 2009), 
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argued that the initiation of formal literacy instruction, rather than general cognitive development 
or other developmental factors, leads to increasing genetic estimates and decreasing shared 
environmental estimates by the end of the first year of formal literacy instruction.   Samuelsson 
et al. (2007) found that individual differences in post-kindergarten reading ability for Australian 
twins were largely due to genetic factors while U.S. twins showed evidence of modest shared 
environmental influences in addition to genetic influences.  The Australian twins primarily live 
in New South Wales, a region of Australia that provides full-day kindergarten with a strong 
emphasis on literacy instruction.  The U.S. twins, on the other hand, were recruited from 
Colorado, which has a mixture of full- and half-day kindergartens and heterogeneity in the 
amount of time dedicated to literacy instruction in kindergarten.  Thus, the Australian twins 
received similar amounts of literacy instruction, leading to less environmental variance related to 
reading at the end of kindergarten than the U.S. twins.  By the end of first grade, however, the 
U.S. twins had all received at least one year of formal literacy instruction; thus, shared 
environmental influences in the U.S. sample were smaller, no longer significant, and similar to 
the Australian sample (Byrne et al., 2007; 2009).   
   While Norway and Sweden do provide schooling for kindergarten-aged children, 
traditionally the focus in Scandinavian kindergartens has been on social development; literacy 
instruction is not emphasized until first grade (Lundburg, 1999)3.  Scandinavian kindergarteners, 
therefore, show lower genetic and higher shared environmental influences compared to U.S. and 
Australian children at the end of kindergarten (Samuelsson et al., 2007).  How the etiology of 
                                                
3 Since 2006 Norwegian kindergarteners do receive formal literacy instruction in kindergarten.  
However, this change was instituted after our data collection. 
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variance in growth rates in Scandinavia compares to the U.S. and Australia remains an open 
question.       
 Of course, differences in children’s early reading and spelling development in the U.S., 
Australia, and Scandinavia may not be due only to differences in early literacy education.  Most 
obviously, the Scandinavian children are learning to read more transparent orthographies than 
English.  Previous phenotypic research has shown that word reading accuracy is already close to 
ceiling within the first few months of formal reading instruction in orthographically transparent 
languages such as Italian and German (e.g., Cossu, Giuliotta, & Marshall, 1995; Landerl & 
Wimmer, 2008).  To the extent that learning to read in a more transparent orthography affects 
reading development, differences in biometric estimates for growth rates between the countries 
may be found (see Ziegler & Goswami, 2005 for a review of the role of orthography in reading 
acquisition).   
 In order to best understand the etiology of individual differences in learning to read and 
spell, it is important to analyze the etiologies of individual differences in early reading 
development in multiple countries and orthographies.  If the etiologies of reading and spelling 
growth are similar once all children have started formal literacy education, that would argue 
against claims that societal differences, including orthography and approaches to literacy 
education, are the primary sources of individual differences in early reading growth.     
Methods 
Participants 
Participants in the current study are part of the ongoing International Longitudinal Twin 
Study (ILTS; Byrne et al., 2009) that includes twins from Australia, U.S., and Scandinavia.  The 
twins were recruited from birth records in Colorado and Scandinavia and from the (volunteer) 
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Australian Twin Registry in Australia.  Zygosity was determined from DNA extracted from 
cheek swabs, or in a minority of cases from selected items from the Nichols and Bilbro (1966) 
questionnaire.  All twins were learning to read in their first language (English for Australia and 
the U.S., Norwegian or Swedish in Scandinavia).   
The U.S. sample at the end of kindergarten consisted of 224 monozygotic (MZ; i.e., 
identical) twin pairs and 263 same-sex dizygotic (DZ; i.e., fraternal) twin pairs for a total of 487 
pairs.  By post-2nd grade the sample consisted of 221 MZ and 261 DZ pairs for a total of 482 
pairs.  The Australian sample at the end of kindergarten consisted of 152 MZ twin pairs and 115 
DZ twin pairs for a total of 267 pairs. By post-2nd grade, the Australian sample included 120 MZ 
and 92 DZ twin pairs, a total 212 pairs. The Scandinavian sample at the end of kindergarten 
consisted of 138 MZ twin pairs and 142 DZ twin pairs for a total of 280 pairs.  The post-2nd 
grade Scandinavian sample consisted of 122 MZ twin pairs and 127 DZ twin pairs, a total 249 
pairs. 
Mean ages in years for the U.S. sample (standard deviation, range) were 6.27 (.31, 5.50-
7.08), 7.42 (.32, 6.58-8.67), and 8.45 (.31, 7.67-9.50) for the post-kindergarten, post-1st grade, 
and post-2nd grade waves, respectively.  Mean ages in years at each wave for the Australian 
sample (standard deviation, range) were 6.07 (.35, 5.33-6.83), 7.00 (.35, 6.17-7.75), and 7.95 
(.37, 7.25-8.67).  For the Scandinavian sample, mean ages in years (standard deviation, range) at 
each wave were 6.75 (.29, 6.17-7.67), 7.74 (.32, 7.08-8.50), and 8.74 (.30, 8.17-9.50).  All age 
differences were significant (p < .01), with the Australian sample youngest at each wave and the 
Scandinavian sample oldest at each wave.  To control for possible age and sex differences, age at 
the first wave (post-kindergarten) and sex were controlled for as definition variables in Mx 
(Neale, Boker, Xie, & Maes, 2003) in all analyses. 
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Procedure and Measures 
  The measures included in the present analyses are from larger test batteries that were 
administered in the ILTS either in the final three to four months of the school year (Australia) or 
in the summer after each school year (U.S. and Scandinavia).  All tests were translated into 
Swedish and Norwegian for the Scandinavia sample.  Testing at each time point was conducted 
in a single session lasting about 1 hour in the twins’ homes or schools.  Two testers separately 
assessed each twin at the same time, except for the Scandinavian sample where only one tester 
per pair was available.  For all measures, raw scores based on total number correct were used. 
Reading. The Test of Word Reading Efficiency (TOWRE; Torgesen, Wagner, & Rashotte, 
1999), Form A was administered post-kindergarten, post-1st grade, and post-2nd grade.  In the 
Sight Word Efficiency subtest (word reading) children read a list of difficulty-ordered words as 
quickly as possible, with the score being the number correctly read in 45 seconds.  The Phonemic 
Decoding Efficiency subtest (non-word reading) is a list of pronounceable nonwords 
administered in the same way.  Test-retest reliability for English-speaking children aged 6- to 9-
years-old was reported as .97 for word reading and .90 for non-word reading.  
 Spelling. Spelling at the end of kindergarten was assessed using a test adapted from 
Liberman, Rubin, Duquès, and Carlisle (1985) and used by Byrne and Fielding-Barnsley (1993).  
Children are asked to spell 10 simple words and four non-words.  Both phonological and 
orthographic accuracy contribute to the score.  Low-bound estimate of reliability from 
monozygotic twin correlations for the test is .78.  
The Wide Range Achievement Test Spelling Production subtest (Jastak & Wilkinson, 
1984) was administered post-1st grade and post-2nd grade. Participants generate written spellings 
of orally presented words. The test consists of 45 items administered in increasing order of 
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difficulty, and the test is discontinued after 10 consecutive spelling errors. The published 
alternate form reliability is .90. 
Details of Analyses  
 To assess genetic, shared environmental, and non-shared environmental influences on 
initial performance and on subsequent growth on the reading measures, we fit biometric growth 
models (see McArdle, Prescott, Hamagami, & Horn, 1998; Reynolds et al., 2005) using the Mx 
software (Neale et al., 2003).  As shown in Figure 2, biometric growth modeling is a 
combination of latent growth curve modeling (Byrne & Crombie, 2003; Loehlin, 1998; Meredith 
& Tisak, 1990; Preacher, Wichman, MacCallum, & Briggs, 2008) and the standard twin model 
that decomposes phenotypic variance into independent genetic variance (a2), shared 
environmental variance (c2), and non-shared environmental variance (e2).  The latent intercept 
factor represents ability level at Time 1, while the latent shape factor represents increases in 
scores over time.  The loadings from intercept are fixed to 1 as intercept does not change, while 
the loadings from shape are scaled to the interval between time points.  Unlike a linear growth 
model, where all growth loadings are fixed a priori to a linear function, we allowed the loading 
from shape to the third time point to be estimated in the model.  Finally, variance unique to each 
time point (time-point-specific error) that is not captured by the latent factors is denoted by the 
small u’s under each time point.  The correlations are constrained to be equal within zygosity, 
but can vary across zygosity (see Christopher et al., in press).  
 As in the twin model, the covariance between Twin 1 and Twin 2 on both intercept and 
shape is a combination of genetic influences (A) and shared environmental influences (C).  All 
intercept and shape correlations between Twin 1 and Twin 2 for MZ twins are set to 1 as they 
share 100% of both their genes and shared environment (see Figure 2).  For DZ twin pairs, the  
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Figure 2.  Biometric Unspecified Growth Model.  Not shown in the figure is that age at the 1st 
time point and sex are controlled for as definition variables in Mx. The correlations between the 
unique variances (u’s) are constrained equal within zygosity but allowed to vary across zygosity.  
 
correlations between Twin 1 and Twin 2 for intercept C and shape C are also set to 1, as they 
also share 100% of shared environment.  However the twin correlations for both intercept A and 
shape A are set to .5 as DZ twins share 50% of their segregating genes on average.  There are no 
correlations between twins for non-shared environment (E), as that is independent for each 
member of the twin pair.  Squaring the resulting loadings from each A, C, and E factor onto 
intercept and shape estimates the proportion of variance accounted for by genetic, shared 
environmental, and non-shared environmental influences. 
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Results 
Descriptive Statistics and Univariate Heritability Estimates 
 The means and standard deviations for the measures are presented in Table 6.  While raw 
scores are used in the biometric growth modeling, standard scores (SS) for word reading, non-
word reading, and spelling are shown in the table to allow comparison of our samples to the 
standardizing populations for the measures.  The standard score means show that the U.S. twins 
were relatively close to the standardizing population standard score mean of 100.  Despite the 
fact that the Australian twins were significantly younger than the U.S. twins, the standard scores 
for the Australian twins were significantly higher than those of the U.S. twins on all measures at 
all waves (p < .01), suggesting that the Australian twins had received more literacy instruction.  
Conversely, although the Scandinavian twins were significantly older than the U.S. twins, the 
mean word reading and non-word reading standard score for the Scandinavian twins were 
significantly lower than the U.S. sample (p < .01), except on post-2nd grade non-word reading (p 
= .08).  On post-1st grade and post-2nd grade spelling, however, the mean Scandinavian standard 
scores were significantly higher than the American means (p < .01), with the mean post-2nd grade 
spelling standard score for the Scandinavian sample not significantly different from the 
Australian sample (p = .14). 
 The standard score standard deviations on word reading and non-word reading were 
generally less than the standardizing population average of 15.  This was especially true at the 
first wave, potentially due to floor effects.  Examination of the raw means and standard 
deviations also supports the existence of floor effects for all three samples, particularly in 
Scandinavia.  This finding, as well as the low standard scores on word reading and non-word 
reading at post-kindergarten for the Scandinavian twins, partially reflects the lack of formal   
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Table 6.  
Descriptive and Univariate Statistics. 
  SS Raw Univariate Estimates 
 n Mean SD Mean SD a2 c2 e2 
Word Reading (TOWRE Sight) 
United States        
Post-KG 973 96.99 10.54 12.85 12.63 .68* 
[.54, .85] 
.22* 
[.05, .36] 
.10* 
[.08, .12] 
Post-1st 955 102.23 14.02 40.25 16.68 .84* 
[.66, .89] 
.02 
[.00, .20] 
.14* 
[.11, .17] 
Post-2nd 964 103.04 14.28 54.29 14.30 .73* 
[.55, .84] 
.08 
[.00, .24] 
.19* 
[.16, .24] 
Australia 
Post-KG 522 104.10 10.37 20.70 13.58 .74* 
[.51, .90] 
.13 
[.00, .36] 
.13* 
[.10, .16] 
Post-1st  502 110.22 12.83 43.78 16.26 .83* 
[.60, .87] 
.00 
[.00, .22] 
.17* 
[.13, .22] 
Post-2nd 415 110.81 13.13 57.65 13.34 .71* 
[.40, .82] 
.05 
[.00, .34] 
.24* 
[.18, .32] 
Scandinavia 
Post-KG 560 81.99 10.89 6.36 10.72 .46* 
[.31, .65] 
.43* 
[.23, .58] 
.11* 
[.09, .15] 
Post-1st  576 84.97 13.41 25.58 14.62 .80* 
[.57, .87] 
.03 
[.00, .26] 
.17* 
[.13, .22] 
Post-2nd 495 90.24 14.65 42.48 14.61 .78* 
[.52, .83] 
.00 
[.00, .24] 
.22* 
[.17, .30] 
Non-word Reading (TOWRE Decode) 
United States        
Post-KG 973 102.13 8.37 5.51 6.32 .62* 
[.43, .78] 
.12 
[.00, .30] 
.26* 
[.21, .31] 
Post-1st 953 100.71 12.79 17.13 10.56 .82* 
[.70, .85] 
.00 
[.00, .12] 
.18* 
[.15, .22] 
Post-2nd 964 100.22 13.42 23.94 11.58 .73* 
[.55, .84] 
.07 
[.00, .24] 
.20* 
[.16, .25] 
Australia 
Post-KG 520 107.30 8.82 9.12 7.85 .83* 
[.54, .87] 
.00 
[.00, .28] 
.17* 
[.13, .22] 
Post-1st  502 109.20 12.71 20.39 11.76 .60* 
[.31, .80] 
.15 
[.00, .42] 
.26* 
[.20, .33] 
Post-2nd 414 109.86 14.59 29.24 12.47 .81* 
[.60, .86] 
.00 
[.00, .21] 
.19* 
[.14, .25] 
Scandinavia 
Post-KG 560 92.81 10.97 4.82 7.84 .42* 
[.26, .62] 
.45* 
[.25, .60] 
.13* 
[.10, .17] 
Post-1st  576 95.73 10.66 15.66 8.76 .67* 
[.43, .83] 
.12 
[.00, .34] 
.22* 
[.17, .28] 
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Post-2nd 495 98.65 11.14 23.18 9.50 .71* 
[.43, .80] 
.02 
[.00, .27] 
.26* 
[.20, .36] 
Spellinga 
United States        
Post-KG 971 - - 50.89 20.11 .39* 
[.21, .59] 
.33* 
[.15, .48] 
.28* 
[.23, .34] 
Post-1st 960 100.14 15.44 12.71 5.23 .67* 
[.48, .81] 
.10 
[.00, .27] 
.23* 
[.19, .28] 
Post-2nd 964 97.28 15.91 17.93 5.80 .80* 
[.62, .85] 
.01 
[.00, .18] 
.19* 
[.15, .24] 
Australia 
Post-KG 521 - - 63.73 14.69 .59* 
[.36, .85] 
.24 
[.00, .46] 
.17* 
[.13, .22] 
Post-1st  503 113.62 15.80 13.85 5.18 .78* 
[.60, .83] 
.00 
[.00, .16] 
.22* 
[.17, .29] 
Post-2nd 415 106.90 15.87 18.78 5.87 .79* 
[.60, .84] 
.00 
[.00, .17] 
.21* 
[.16, .29] 
Scandinavia 
Post-KG 560 - - 44.68 30.65 .52* 
[.32, .76] 
.30* 
[.06, .49] 
.19* 
[.14, .24] 
Post-1st  576 103.13 18.25 16.34 6.93 .76* 
[.50, .81] 
.00 
[.00, .23] 
.24* 
[.19, .31] 
Post-2nd 497 108.93 16.33 23.79 6.21 .71* 
[.41, .78] 
.00 
[.00, .26] 
.29* 
[.22, .39] 
Note: KG = Kindergarten; a2 = proportion of variance due to genetic influences; c2 = 
proportion of variance due to shared environmental influences; e2 = proportion of 
variance due to non-shared environmental influences. Sex and age at each time point have 
been controlled for as definitions variable in Mx. 
a Spelling at Post-KG adapted from Liberman et al., 1985.  Spelling at Post-1st and Post-
2nd measured with the WRAT.  Spelling at Post-KG log-transformed for genetic analyses. 
* p < .05 determined using 95% confidence intervals. 
 
literacy instruction in Scandinavian kindergartens (Samuelsson et al., 2008).  In contrast, the 
greater regularities of the Norwegian and Swedish orthographies may explain why standard 
scores for WRAT Spelling at post-1st and second grades were significantly higher for the 
Scandinavian twins compared to the American twins. 
 Also shown in Table 6 are the results from the univariate analyses that estimate how 
much variance in each measure at each time point is due to genetic (a2), shared environmental 
(c2), and nonshared environmental (e2) influences.  In general, individual differences in the 
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measures were driven by large genetic influences, with small and nonsignificant shared 
environmental influences.  Significant shared environmental influences were only present at 
post-kindergarten word reading and spelling for the American and Scandinavian samples, as well 
as post-kindergarten non-word reading for the Scandinavian sample.  Nonshared environmental 
influences, which include measurement error, were moderate and significant for all time points 
and measures.  The a2, c2, and e2 estimates are proportions of overall variance, with decreases in 
one leading to increases in the others.  The decrease in the magnitudes of the shared 
environmental influences between post-kindergarten and post-1st grade support the idea that 
formal literacy instruction limits shared environmental variance, leading to lower shared 
environmental estimates and increased genetic estimates.     
Biometric Growth Models 
 Table 7 presents the biometric growth model results for word reading and non-word 
reading.  In order to capture nonlinear growth, all measures were fit to unspecified growth 
models, with the loading from shape onto the third time point estimated from the model (shown 
in Table 7).  For all measures and countries, the 3rd loadings were less than 2, suggesting that 
participants gained more raw score points between post-kindergarten and post-1st grade than 
between post-1st grade and post-2nd grade.   
 As noted earlier, Norway and Sweden were combined together to increase power; thus, 
we standardized the word reading and non-word reading raw data relative to the first wave’s 
mean and variance (within country).  While using raw variables is standard practice in latent 
growth modeling, standardizing relative to the first wave does not change any of the 
psychometric properties of the raw variables and provides the exact same estimates for variance 
and patterns of growth as using raw variables (Ferrer, Balluerka, & Widaman, 2008).  
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Interpretation of the latent shape means does change, with mean shape estimating change in 
standard deviation units.  For example, as seen in Table 7, mean shape for Australian word 
reading is 1.73.  Multiplying 1.73 by the loading from shape to the third time point (1.57) and the 
first wave standard deviation (13.58) estimates that the mean word reading score for Australian 
twins grew approximately 36.94 points from the end of kindergarten to the end of second grade.       
 While biometric estimates on post-kindergarten intercept varied cross-country, the 
estimates for shape were largely similar.  With the exception of word reading in Australia which 
did not have significant genetic or shared environmental estimates for shape, individual 
differences in growth through the end of second grade on word reading and non-word reading 
appeared to be largely due to genetic influences, with estimates ranging from .57 (non-word 
reading in Scandinavia) to .68 (non-word reading in the U.S.).  Shared environmental influences 
were only significant for word reading and non-word reading in Scandinavia (.17 and .25, 
respectively).  As with the intercept estimates, the large confidence intervals limit our ability to 
assess differences between countries.  However, the magnitudes of the estimates in the countries, 
with the exception of word reading in Australia, were similar, with moderate to large genetic 
estimates and smaller, largely nonsignificant, shared environmental estimates.  The etiology of 
individual differences in post-kindergarten word reading and non-word reading, therefore, 
appears to vary somewhat due to country differences, while the etiology of individual differences 
in growth was largely similar, and due primarily to genetic influences.     
 Unlike word reading and non-word reading, the spelling measure given at the end of 
kindergarten was different from the spelling measure given at the end of first and second grade.  
Thus, rather than standardizing relative to the first wave, the measures were standardized within 
each time point and country.  While not ideal as it does not preserve patterns of growth nor 
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changes in variance across each time point, standardizing within each time point continues to 
rank children in relation to their peers.  Given that the goal of biometric growth modeling is to 
capture the etiology of individual differences, maintaining children’s rankings relative to their 
peers is the crucial piece of the model.  To test that standardizing within wave preserves the 
individual differences of a raw data model, we fit the word reading model for the U.S. twins two 
ways: once with raw data and once with the data standardized within wave.  Estimates of a2, c2, 
and e2 for intercept and shape were very similar in both models, within +/- .03, with the same 
patterns of significance.  The correlations between intercept and shape in z-score models, 
however, is not interpretable due to the rescaling of variance at each wave.  For the spelling 
models, therefore, we only report a2, c2, and e2 estimates.  Table 8 shows the results of the 
spelling models.  Note that, because we are capturing patterns of change over time relative to 
peers rather than growth, the latent shape factor has been relabeled in the table as latent change. 
 The results of the spelling model differ from those of the word reading and non-word 
reading models in that individual differences in post-kindergarten spelling performance were 
driven by both significant genetic (ranging between .40 and .61) and shared environmental 
influences (ranging between .36 and .49) in all countries.  The magnitudes of the genetic and 
shared environmental estimates were similar between the countries as well.  While the genetic 
influences on change in the Scandinavian sample were not significant (.19), the biometric 
estimates for variance in change in relative performance are also roughly split between 
significant genetic and shared environmental influences in the U.S. and Australian samples.  
Taken together, the above results suggest that variance in spelling performance, both at the end 
of kindergarten as well as change in relative performance through the end of second grade, in 
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both English and the more transparent orthographies of Swedish and Norwegian, was influenced 
by both genetic and environmental factors. 
 To briefly summarize, the results of the biometric growth models for the two reading 
variables, word reading and non-word reading, are consistent with the idea that individual 
differences in reading ability at the end of kindergarten are affected by how much formal literacy 
instruction the children have received.  In Australia and the U.S., the amount of environmental 
variance in reading performance has decreased via literacy instruction, leading to higher genetic 
estimates and lower shared environmental estimates.  In Scandinavia, where children have not 
received literacy instruction in their kindergarten classrooms, significant shared environmental 
influences were present.  Individual differences in growth in reading through the end of second 
grade, however, were due primarily to genetic influences in all of the countries.  Interestingly, all 
of the countries found that individual differences in spelling performance at the end of 
kindergarten and in change in ranking through the end of second grade were a mixture of genetic 
and shared environmental influences. 
 Estimating overlap of biometric influences between latent intercept and latent shape.  
As noted earlier, the fact that the spelling measures were standardized within testing wave limits 
our interpretation of the relation between ability at the end of kindergarten and change relative to 
peers through the end of second grade.  We are able to explore the relation between intercept and 
shape for word reading and non-word reading, however, by assessing the extent to which genetic 
and shared environmental influences present at intercept overlap with the biometric influences on 
shape (see Table 9).  While all countries showed significant overlap for nonshared environmental 
influences on word reading and non-word reading, genetic and shared environmental influences 
on intercept overlapped with growth on word reading only in Scandinavia (rgenetic = .76, rshared  
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Table 9.  
Biometric Correlations Between Latent Intercept and Latent Shape. 
  rgenetic rshared environ. rnonshared environ. 
Word Reading 
KG - 2nd 
United States .18 [-.14, .81] 
-.77 
[-1.00, 1.00] 
1.00* 
[.29, 1.00] 
Australia -.01 [-1.00, 1.00] 
-1.00 
[-1.00, 1.00] 
1.00* 
[.004, 1.00] 
Scandinavia .76* [.15, 1.00] 
-1.00* 
[-1.00, -.23] 
.65* 
[.003, 1.00] 
Non-word 
Reading 
KG - 2nd 
United States .91* [.41, 1.00] 
-.75 
[-1.00, 1.00] 
1.00* 
[.42, 1.00] 
Australia .69* [.12, 1.00] 
-.76 
[-1.00, 1.00] 
1.00* 
[.50, 1.00] 
Scandinavia .67 [-.06, 1.00] 
-1.00* 
[-1.00, -.41] 
1.00* 
[.18, 1.00] 
Note: Word reading = TOWRE Sight Word Reading Efficiency subtest; Non-word Reading = 
TOWRE Phonemic Decoding Efficiency subtest; Correlations estimate extent of overlap of 
biometric influences between latent intercept and latent shape.   
* p < .05 determined using 95% confidence intervals, shown in brackets. 
environmental = -1.00).  Some of the genetic factors that made Scandinavian twins higher at the end 
of kindergarten on word reading, therefore, were related to faster growth rates through the end of 
second grade.  Conversely, shared environmental influences that made children higher at the end 
of kindergarten on word reading were related to slower growth rates.  A similar pattern was 
found for Scandinavian twins on non-word reading; the shared environmental correlation was 
negative and significant (rshared environmental = -1.00), and the genetic correlation was positive, 
although not significant (rgenetic = .67).    
 The Australian and U.S. twins had nonsignificant shared environmental correlations for 
non-word reading intercept and shape.  However, there was significant positive overlap between 
the genetic factors on intercept and shape in the Australian and U.S. samples (rgenetic = .69 
and .91, respectively).  Thus, the genetic influences on post-kindergarten nonword reading also 
affected how quickly the Australian and American children grew on nonword reading ability.  
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Discussion 
 The present study extends recent behavioral genetic results on the etiology of individual 
differences in early reading and spelling growth in three ways.  One is the inclusion of twin 
samples from outside the U.S.  By using data from the ILTS (Byrne et al., 2009), one of only two 
twin studies that measure early reading ability in samples outside of the U.S. (the other being the 
Twins Early Development Study in England; Trouton, Spinath, & Plomin, 2002), we were able 
to examine cross-country (U.S., Scandinavia, and Australia) differences on the etiology of 
individual differences in early reading growth.  Second, our study included a non-English sample, 
and thus allowed us to assess differences that might occur with a more transparent orthography 
than English.  Third, we fit biometric growth curves to measures of both reading and spelling, 
rather than reading alone.  Given the complexity of our results, we will briefly review our main 
findings before discussing their implications and how they expand upon previous research. 
Etiology of Individual Differences in Early Reading and Subsequent Growth 
 The Australian and U.S. samples showed large and significant genetic influences on word 
reading and non-word reading at the end of kindergarten, the intercept.  Shared environmental 
influences on intercept, on the other hand, were much smaller in magnitude and, in the case of 
Australia, not significant.  In contrast to the U.S. and Australian results, individual differences in 
the Scandinavian sample’s intercept showed significant moderate genetic and shared 
environmental influences.  We note here that previous research using the ILTS dataset found that 
pre-reading skills measured in preschool, such as letter name and sound knowledge, were 
predominantly influenced by shared environment in all of the countries (Samuelsson et al., 2005).  
In addition, the univariate results in Table 6 show that genetic estimates in the Scandinavian 
sample increase, and shared environmental estimates decrease, by the end of first grade.  Given 
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that the Scandinavian sample did not start formal literacy instruction until first grade, and the 
Australian and U.S. twins both received at least some formal literacy instruction in kindergarten, 
the end-of-kindergarten intercept results suggest that environmental variance is minimized after a 
year of formal reading instruction, and children’s reading ability in relation to their peers 
becomes more strongly tied to genetic factors.   
 Turning to the shape results, individual differences in rates of growth on the two reading 
measures showed moderate to large genetic influences.  The genetic influences were significant 
for non-word reading in the three samples, and were significant for word reading in the U.S. and 
Scandinavia.  Shared environmental influences for word reading and non-word reading were 
only significant in Scandinavia.  With the exception of Australia on word reading4, the shared 
environmental estimates were of smaller magnitude than on intercept.  These results argue that 
the etiology of individual differences in early reading growth in societies that provide consistent 
and universal literacy education is largely due to genetic influences, especially after the first year 
of formal reading instruction. 
 The results for spelling were somewhat different from those for reading.  Results for 
spelling were very similar in our three samples; all showed moderate to large significant genetic 
and shared environmental influences on individual differences in spelling performance at the 
end-of-kindergarten intercept.  The etiology of variance in change over the next two years 
showed small to moderate significant shared environmental influences in all three samples, and 
moderate significant genetic influences in Australia and the U.S.  Unlike early reading 
development, therefore, genetic influences are more important for individual differences in the 
                                                
4 Word reading in Australia had extremely small variance on shape (.15 as shown in Table 7), 
potentially leading to unreliable estimates.  
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Scandinavian twins’ early spelling ability.  This potentially reflects the difference between 
learning to spell and read in a transparent orthography.  While both spelling and word reading 
abilities are known to develop quickly when the orthography is transparent (Seymour, Aro, & 
Erskine, 2003), it is possible that spelling may develop quicker than word reading given that both 
fluency and phonological awareness are recruited for successful word reading, whereas spelling 
is primarily driven by phonological awareness (e.g., Wimmer & Landerl, 1997; Landerl & 
Wimmer, 2008).  
Extending Previous Biometric Growth Curve Analyses 
 The current results expand upon previous biometric growth curve analyses of early 
reading that utilized data from U.S. twins only (Christopher et al., in press; Logan et al., in press; 
Petrill et al., 2010).  For example, our previous study found strong genetic influences on 
individual differences in early reading ability and subsequent growth (Christopher et al., in 
press)5.  The present results provide evidence from two additional samples to support the 
hypothesis that, within a year of consistent literacy instruction, variance in how quickly 
children’s reading develops is generally more influenced by genetic than environmental factors.  
We note that our estimates of genetic, shared environmental, and nonshared 
environmental influences are proportional and dependent upon the total amount of genetic and 
environmental variance in the sample.  Increasing the overall environmental variance in a sample 
by encompassing a larger range of socioeconomic statuses or increased educational variance 
could result in different etiological patterns.  For example, biometric growth curve analyses 
                                                
5 Christopher et al. (in press) included data from the end of 4th grade and estimated the intercept 
at the end of first grade.  We only have complete 4th grade data for our U.S. sample, therefore, in 
order to make the countries as comparable as possible, the present study only includes data that 
was present in all of the countries.  
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using a twin sample in Ohio have found much larger shared environmental estimates than our 
samples for both the intercept and growth on word reading and non-word reading when there 
was a wide range of literacy instruction in their early test waves (Logan et al., in press; Petrill et 
al., 2010).   
Limitations   
 Before discussing the larger implications of our results, it is important to highlight 
limitations that our study shares with other developmental studies of early readers as well as 
other behavioral genetic studies.  First, as noted above, the genetic and environmental estimates 
are proportions of overall variance, and samples with more extreme environmental variance may 
show larger shared environmental influences.  In addition, the overall variance in our measures at 
the first wave was also affected by the existence of floor effects.  While floor effects are common 
and nearly impossible to avoid in studies of early readers (e.g., Catts, Petscher, Schatschneider, 
Bridges, & Mendoza, 2009), the fact that our measures were largely insensitive to differences 
amongst our lowest readers may somewhat limit our ability to assess individual differences in 
growth.  Furthermore, since there was so little variance in growth, the confidence intervals for 
the growth estimates were generally quite large.  The large confidence intervals, especially in 
Australia and Scandinavia, limited our ability to compare genetic and environmental estimates 
between countries.  Consequently, we only described how the overall patterns compared in 
general.   
 Finally, it is important to make clear that we are limited in our ability to generalize our 
results to different languages and societal approaches to reading instruction.  Additional research 
in this field is needed, especially in studies that include orthographically diverse samples. 
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Implications 
 The amount of variance in the measures affects the practical implications of our results.  
As shown in Table 7, with the exception of U.S. non-word reading, there was much more 
variance on word reading and non-word reading intercepts than on rates of growth 
(approximately two to five times more), and the overall magnitude of shape variance was very 
small.  The small shape variances suggest that, within each of the samples, our twins were 
growing at fairly similar rates; thus, individual differences in rates of growth had less influence 
on children’s reading levels at the end of second grade compared to individual differences in 
ability at the end of kindergarten. 
 The present study is an important addition to early reading and spelling research, as it is 
the first to explore the etiology of individual differences in early reading and spelling growth in 
samples from outside of the U.S.  Although reading ability at the first wave (post-kindergarten) 
was affected by whether the pairs had started formal reading instruction, the etiological patterns 
of growth in the countries were similar.  While all of the twins received literacy instruction from 
teachers in their schools, the lack of shared environmental influences on growth rates, combined 
with the small overall variances in growth rates, argues against claims that differences amongst 
educational approaches to teaching reading are a primary determiner of how quickly children 
learn to read.  It is important to emphasize that, although the exact timing varied, all our pairs 
had consistent and universal access to literacy education.  We are unable to generalize our results 
to children growing up in areas without this level of commitment to literacy education.   
 The results of the present study also offer interesting implications regarding spelling 
development cross-linguistically.  Our finding that all of the samples had both significant genetic 
and shared environmental influences on individual differences at the end of kindergarten 
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suggests that there is more environmental variance in early spelling ability.  This may reflect that, 
in contrast to early reading, early spelling instruction may not be systematic; some schools may 
emphasize learning to spell in young children while others may wait until after kindergarten.  
Similarly, the amounts of experience kindergarteners have with spelling may also vary via home 
environment; some parents may actively encourage their young children to spell while others 
may not.  The significant shared environmental estimates on shape in all of the current samples 
could also reflect less consistent early spelling instruction, and argue that children’s spelling 
abilities as first and second graders compared to their peers will partially reflect differences in 
educational approaches.  
Conclusion 
 The goal of the present study was to begin to explore how the etiology of individual 
differences in early reading growth rates varied in Australia, Scandinavia, and the U.S.  While all 
of these countries provide their children with formal literacy instruction, the exact timing of the 
start of the instruction varies.  The results were consistent with the idea that differences in when 
formal literacy instruction starts in schools changes the balance of genetic and shared 
environmental influences, but that the etiology of early reading growth through the end of second 
grade is largely similar.  While additional studies using other types of languages and approaches 
to literacy instruction are needed, the current findings suggest that individual differences in early 
reading growth are largely driven by genetic influences. 
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Chapter 4: 
Exploring the Etiology of the Longitudinal Relations between Preschool Predictors and 
Reading and Spelling Development 
 Note: The following chapter comes from Christopher et al. (2012b), currently in 
preparation. 
 Given the importance of reading for academic and career success, figuring out how to 
predict who will excel and who will struggle learning to read is an important goal of much 
research.  Reading is a learned skill that builds upon a child’s early language and cognitive 
abilities.  Identifying skills in pre-readers that are predictive of future reading levels opens up 
avenues both for understanding why children vary in their reading abilities later on, as well as 
offering insight into which skills teachers, parents, and researchers should target for intervention.  
The aims of the present study are to: assess how well preschool skills predict, both independently 
and after controlling for shared variance, children’s early reading and spelling development, 
including rates of growth; and to explore the genetic and environmental etiologies of the 
covariance between these precursor skills and reading and spelling abilities. 
 There are three main strengths in the present study.  First, the potential precursor skills 
were measured in preschoolers, before they started receiving formalized and consistent literacy 
instruction in primary school.  The preschool and early kindergarten periods are sometimes 
referred to as emergent literacy to highlight the idea that reading development occurs on a 
continuum, with skills children have prior to learning to read forming the foundation upon which 
reading is acquired (see Whitehurst & Lonigan, 1998 for a review).  As children start to learn to 
read, emergent literacy skills can become reciprocally related to reading ability (e.g., Perfetti, 
Beck, Bell, & Hughes, 1987), making it harder to decipher whether an emergent skill is an actual 
  65 
predictor of future reading, or instead develops alongside reading.  To fully understand the 
predictive role of different preschool skills, therefore, it is important to measure them as early as 
possible.  Unfortunately, the realities of participant recruitment mean that many studies of early 
predictors of literacy are not able to begin until after the children are already in kindergarten, or 
later (e.g., Hecht, Burgess, Torgesen, Wagner, & Rashotte, 2000; Parrila, Kirby, & McQuarrie, 
2004; Roth, Speece, & Cooper, 2002).  
 Second, rather than predicting reading and spelling abilities at static time points, we use 
growth modeling to estimate both an intercept (post-1st grade) and rate of growth (from post-1st 
grade to post-4th grade) for each participant.  In addition to examining the relations between 
preschool skills and reading and spelling abilities at the end of first grade, using growth models 
allows us to address the question of whether the precursor skills longitudinally predict individual 
differences in how quickly children’s reading and spelling abilities develop during elementary 
school, both on their own as well as over and above post-1st grade abilities.  Previous 
longitudinal reading development research has shown reading development to be nonlinear 
during this time period, with high levels of growth in the first few years of literacy instruction 
that slow down quickly (e.g., Pianta, Belsky, Vandergrift, Houts, & Morrison, 2008; 
Sonnenschein, Stapleton, & Benson, 2010).  In addition, after the first year or two of reading 
instruction, a child’s reading ability in relation to his or her peers is largely stable (Francis, 
Shaywitz, Stuebing, Shaywitz, & Fletcher, 1996; Hecht et al., 2000; Juel, 1988).  This suggests 
the need to identify potential struggling readers as early as possible; thus, knowing which 
preschool skills are predictive of growth in reading and spelling could open potential avenues for 
intervention. 
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 The third strength of the present study is the fact that the data come from the International 
Longitudinal Twin Study (ILTS; Byrne et al., 2009).  By using twin data, we are able to assess 
both the phenotypic covariance between precursor skills and reading and spelling development 
as well as the genetic and environmental etiologies of these relations.  In other words, the present 
study asks whether genetic and environmental influences that make children vary on preschool 
measures are the same as the genetic and environmental influences that make children vary in 
reading and spelling.  Except for the ILTS, previous studies of early predictors of reading are 
phenotypic (e.g., Adlof, Catts, & Lee, 2010; Muter, Hulme, Snowling, & Stevenson, 2004; Roth 
et al., 2002), meaning that the authors are left to speculate about the sources underlying the fact 
that kindergarten rapid naming is correlated with, for example, word reading as a second grader 
(Kirby, Parrila, & Pfeiffer, 2003).  
 A handful of previous studies from the ILTS have examined the genetic and 
environmental influences on covariance between precursor skills and future reading ability 
(Byrne et al., 2006; 2009; Olson et al., 2011; Samuelsson et al., 2005; 2007).  In general, these 
studies find a mix of genetic and shared environmental influences on individual differences in 
the precursor skills, but largely genetic influences on individual differences in early reading 
ability (either first grade, second grade, or fourth grade, depending on the study).  The modest 
amount of shared environmental influences on reading ability after the first year of reading 
instruction suggests that the relation between precursor skills and future reading may be driven 
primarily by genetic factors.  However, no behavior-genetic study to date has looked at the 
covariance between the precursor skills and rates of reading and spelling growth, and few have 
looked at relations between precursor skills and ability past second grade (e.g., Olson et al., 
2011). 
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 Recent studies have begun to combine behavior-genetic and phenotypic growth modeling 
approaches, by fitting reading and spelling data to biometric growth curve models (Christopher 
et al., in press; 2012a; Harlaar, Dale, Hayiou-Thomas, & Plomin, 2012; Hart et al., in press; 
Logan et al., in press; Petrill et al., 2010).  Studies using the same dataset and sample as the 
present study have shown that word reading, nonword reading, reading comprehension, and 
spelling have primarily genetic influences when the intercept is at the end of first grade 
(Christopher et al., in press).  Word reading and nonword reading at the end of kindergarten is 
also primarily driven by genetic influences, while post-kindergarten spelling has both genetic 
and shared environmental influences (but with important differences in a sample from 
Scandinavia; Christopher et al., 2012a).  Large genetic influences on variance in growth in word 
reading and nonword reading through the end of fourth grade were also found, but growth on 
reading comprehension and spelling showed evidence of some shared environmental influences 
as well (Christopher et al., in press).  For the present study, these results suggest that predictors 
of post-1st grade reading and spelling as well as growth on word reading will share largely 
genetic influences with the precursor skills; predictors of individual differences in reading 
comprehension and spelling growth, on the other hand, may share both genetic and shared 
environmental influences with rates of growth.  
 The five precursor skills included in the present study have all been previously implicated 
as longitudinal correlates with reading ability: phonological awareness, rapid naming, print 
knowledge, vocabulary, and phonological memory.  The first, phonological awareness, is 
broadly defined as the ability to break down and manipulate speech sounds at the sub-word level.  
Phonological awareness is known to be one of the best concurrent predictors of reading ability 
(e.g., Brady & Shankweiler, 1991; de Jong & van der Leij, 1999; Lonigan, Burgess, & Anthony, 
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2000; Scarborough, 1989; Wagner et al., 1997).  In addition, studies have shown that levels of 
phonological awareness measured within the first year of reading instruction longitudinally 
predict reading ability over the first two years of literacy instruction (e.g., Boscardin, Muthén, 
Francis, & Baker, 2008; Georgiou, Parrila, & Papadopoulous, 2008; Muter et al., 2004; Parrila et 
al., 2004).   
 The role of phonological awareness over and above other precursor skills, however, is 
less clear.  For example, Schatschneider, Fletcher, Francis, Carlson, and Foorman (2004) found 
that beginning of kindergarten levels of phonological awareness did not predict first and second 
grade reading over and above naming speed, letter naming, and letter sound knowledge.  In 
addition, there is evidence to suggest that phonological awareness only predicts reading ability 
on a short timescale.  Some studies that show longitudinal relations between kindergarten 
phonological awareness and first grade reading ability also show that the strength of these 
relations largely diminishes by second grade (e.g., Hecht et al., 2000; Kirby et al., 2003).  Studies 
using more transparent orthographies than English suggest this timescale may be even more 
abbreviated in other languages, with early levels of phonological awareness only predicting 
reading ability through the end of the first year of formal literacy instruction (e.g., Furnes & 
Samuelsson, 2011; Georgiou et al., 2008; Lervåg, Bråten, & Hulme, 2009).  For the present 
study, the above results raise the possibility that phonological awareness may be an important 
predictor of first grade reading and spelling ability on its own, but may not predict first grade 
reading and spelling nor rates of growth if the other precursor skills are controlled for. 
 Rapid naming, or naming speed, is the second precursor skill included in the present 
study.  Rapid naming tasks require the participant to name letters, numbers, colors, or objects in 
a visual display as quickly as possible.  Since the 1970s, researchers have found that children 
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with reading disabilities are slower on rapid naming tasks than their peers (Denckla, 1972; 
Denckla & Rudel, 1974; 1976).  In addition to being indicative of reading disabilities, early 
levels of rapid naming appear to be good longitudinal correlates of early reading ability (e.g., 
Boscardin et al., 2008; Furnes & Samuelsson, 2011; Kirby et al., 2003).  This relation holds even 
after controlling for other skills, such as vocabulary and print knowledge (e.g., de Jong & van der 
Leij, 1999; 2002; Georgiou et al., 2008; Schatschneider et al., 2004).  Exactly why rapid naming 
is related to reading is an open question, but one theory is that the rate at which children are able 
to identify and name stimuli is tied to how easily they are able to bind together visual words and 
stored phonological representations when reading (e.g., Bowers, Sunseth, & Golden, 1999; 
Sunseth & Bowers, 2002).  Indeed, some results suggest that the type of stimuli can make a 
difference, with letters and numbers more strongly tied to reading ability than objects and colors 
(e.g, Catts, Gillispie, Leonard, Kail, & Miller, 2002; Christopher et al., 2012c).  The present 
study uses objects and colors as stimuli, however, because rapid naming was assessed prior to 
the participants learning to read; thus, it is possible that the relations between rapid naming and 
reading and spelling development will be smaller than if the participants were older and tested 
with letters and numbers. 
 The third precursor skill assessed in the preschool wave is print knowledge.  Measures of 
print knowledge attempt to capture the amount and quality of exposure children have to written 
text prior to learning to read.  Because one of the first steps in learning to read is understanding 
that written words correspond to spoken phonemes, children with more exposure to print as pre-
readers may have a head start compared to children who do not (Byrne, 1998; Stuart & Coltheart, 
1988).  Support for this idea is found in numerous studies that have shown that early levels of 
print knowledge do longitudinally predict individual differences in later reading ability (e.g., 
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Adlof et al., 2010; de Jong & van der Leij, 1999; 2002; Lyytinen et al., 2006; Schatschneider et 
al., 2004).  For example, Hecht et al. (2000) found that kindergarten levels of print knowledge 
captured unique variance in first, second, third, and fourth grade decoding and reading 
comprehension, over and above kindergarten levels of decoding, vocabulary, and socioeconomic 
status.  The link between print knowledge and reading development is so well established that 
researchers sometimes use print knowledge as a stand-in for early reading ability (i.e., as an 
autoregressor; Landerl & Wimmer, 2008; Lerväg et al., 2009).   
 For the purposes of understanding the etiology of the shared variance between print 
knowledge and future reading and spelling ability, it is important to note that print knowledge is 
one of the precursor skills most often tied to a child’s home environment.  This is shown in 
intervention studies that focus on increasing aspects of print knowledge in families deemed at-
risk for reading disabilities (e.g., Blachman, Tangel, Ball, Black, & McGraw 1999; Reese, 
Sparks, & Leyva, 2010; Whitehurst et al., 1994).  While the overall success rates of these types 
of interventions is very low (Dickinson, 2011), other researchers have shown it is possible to 
raise children’s levels of print knowledge via increased exposure to print (e.g., Massetti & 
Bracken, 2010; Roberts, Jurgens, & Burchinal, 2005; Weigel, Martin, & Bennett, 2010).  The 
lack of transfer between increased print knowledge and increased reading and spelling abilities 
suggests that whatever print knowledge shares with reading and spelling is hard to 
experimentally manipulate, potentially because of genetic influences rather than environmental 
influences. 
 The fourth precursor skill measured in preschool is vocabulary.  Like print knowledge, 
the number of words a young child knows and is able to use correctly is thought to be an 
important index of overall home environment quality, with strong ties between size of 
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vocabulary and socioeconomic status (Hart & Risley, 1995).  Early levels of vocabulary are 
thought to be important for later reading development partially because of a reciprocal 
relationship between oral language and phonological awareness (e.g., Bowey & Patel, 1988; 
Burgess & Lonigan, 1998; Longian et al., 2000): Young children may struggle to figure out that 
individual phonemes form a word if they do not already know the word.  Longitudinal studies of 
vocabulary support the relations between early vocabulary and future reading ability (e.g., Catts, 
Fey, Zhang, & Tomblin, 1999; Muter et al., 2004; Olson et al., 2011; Scarborough, 1989; 2001; 
Verhoeven & van Leeuwe, 2008). 
 Previous findings suggest that, for the present study, it is possible that vocabulary will be 
a stronger predictor of reading comprehension than word reading or spelling (e.g., Hecht et al., 
2010; Muter et al., 2004).  For example, Verhoeven, van Leeuwe, and Vermeer (2011) used 
simplex models to test the longitudinal relations between vocabulary, word reading, and reading 
comprehension.  The longitudinal relations were higher between vocabulary and reading 
comprehension than between vocabulary and word reading.  Out of all of the precursor skills, 
therefore, vocabulary may show the largest differences between the reading and spelling 
measures.  
 The fifth and final precursor skill included in the present study is phonological memory.  
As opposed to long-term storage and retrieval, the term phonological memory refers to the short-
term encoding and use of phonological stimuli.  Per Wagner and Torgesen (1987), phonological 
memory is essential for capturing individual phonemes and blending the phonemes together into 
words; thus, they labeled phonological memory one of three phonological abilities crucial for 
reading, the other two being phonological awareness and phonological recoding of written words 
into their phonological components.  Supporting the important role of phonological memory for 
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reading, researchers have shown children with reading disabilities to have lower phonological 
memory capacities than their peers (e.g., Mann & Liberman, 1984; Shankweiler, Liberman, 
Mark, Fowler, & Fischer, 1979).  In addition, there is evidence supporting phonological memory 
as a concurrent predictor of reading ability (e.g., Hansen & Bowey, 1994; Muter & Snowling, 
1998; Scarborough, 1998) and as a longitudinal predictor of early reading ability (e.g., de Jong & 
van der Leij, 1999; Georgiou et al., 2008; Parrila et al., 2004).   
 The exact nature of the relation between phonological memory and reading development 
remains an open question.  Some researchers have argued for an independent causal link (e.g., 
Gathercole, Willis, Emslie, & Baddeley, 1992; Gathercole & Baddeley, 1993), while others have 
suggested that phonological memory shares large amounts of predictive variance with other 
phonological measures (e.g., Muter & Snowling, 1998; Wagner et al., 1997).  Few longitudinal 
studies of early reading acquisition have included phonological memory measures (e.g., Dufva, 
Niemi, & Voeten, 2001; Landerl & Wimmer, 2008; Muter & Snowling, 1998; Perez, Majerus, & 
Poncelet, 2012; Wagner et al., 1997), but those who have generally find that the longitudinal 
relation between early phonological memory and reading in early elementary school is largely 
diminished when other precursor skills are controlled for (e.g., de Jong & van der Leij, 1999; 
Georgiou et al., 2008; Kirby & Parrila, 1999; Sprugevia & Høien, 2003).  Because it includes 
preschool phonological memory, the present study is able to add to the small number of 
longitudinal reading development studies with phonological memory.  This will allow us to 
explore the etiology of the relation between phonological memory and reading and spelling 
acquisition, as well as address the question of whether phonological memory is an independent 
predictor of future reading ability. 
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 To summarize, previous research has shown each of the five precursor skills 
(phonological awareness, print knowledge, naming speed, vocabulary, and phonological 
memory) to be longitudinally correlated with early levels of reading ability.  The strength of the 
relations varies depending upon what other precursor skills are controlled for, as well as, 
potentially, the type of reading ability being assessed.  The relation between the precursor skills 
and spelling is an open question, as few studies have included spelling measures in addition to 
reading.  Also, most previous studies correlating the precursor skills and later reading 
development examine reading ability at specific time points.  By including reading and spelling 
rates of growth from first through fourth grade, the present study is able to test whether the 
precursor skills are able to predict rates of reading and spelling acquisition, over and above 
where children are at the end of first grade.  
 A final aim of the present study is testing the etiology of the variance shared between 
precursor skills and reading and spelling development.  Researchers testing the five precursor 
skills have largely had to speculate about the sources of these relations.  Print knowledge, for 
example, is largely thought to be a product of the child’s home literacy environment.  However, 
it is also possible that print knowledge may be capturing genetic factors, related to learning rate 
(Byrne et al., in press).  In addition, it is possible that multiple precursor skills will share genetic 
or environmental influences, rather than each contributing independent influences.  Taken 
together, the present results have implications for understanding what and why preschool literacy 
and cognitive abilities help to build a foundation for future reading and spelling acquisition. 
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Methods 
Participants  
 Participants in the current study are part of the ongoing International Longitudinal Twin 
Study (ILTS; Byrne et al., 2009) that includes twins from Australia, Colorado, and Scandinavia.  
The present study only includes participants from Colorado both because of differences in mean 
performance and approaches to literacy education in the countries (Samuelsson et al., 2008), as 
well as because Colorado is the only sample to have fourth grade data.  The Colorado twin pairs 
all had English as their first language, and were recruited based on birth records.  Zygosity was 
determined from DNA collected via cheek swabs, or in a minority of cases from selected items 
from the Nichols and Bilbro (1966) questionnaire.  The current analyses include four testing 
waves: preschool (i.e., prior to starting primary education), end-of-1st grade, end-of-2nd grade, 
and end-of-4th grade.  Only twin pairs with post-1st grade data were included.  The preschool 
sample included 221 monozygotic (MZ; i.e., identical) twin pairs and 260 same-sex dizygotic 
(DZ; i.e., fraternal) twin pairs, for a total of 481 twin pairs.  Attrition in the sample through the 
end of fourth grade was minimal; the post-4th grade wave consisted of 207 MZ twin pairs and 
250 DZ twin pairs, for a total of 457 twin pairs.  Mean ages in months (standard deviation, 
range) were 58.74 (2.29, 54-71), 89.06 (3.81, 79-104), 101.39 (3.73, 92-114), and 125.38 (3.77, 
116-140) for the preschool, post-1st grade, post-2nd grade, and post-4th grade waves, respectively.  
Procedure and Measures 
 The measures in the present analyses are from larger test batteries administered in the 
ILTS.  The preschool testing took place over five days, about one hour each day, all within a 
two-week time frame, in the year prior to starting kindergarten (for more details, see Byrne et al., 
2002).  The reading and spelling measures, at post-1st, post-2nd, and post-4th grade, were given in 
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the summer after each school year.  Testing at each time point was conducted in a single session 
lasting about one to two hours in the twins’ homes.  Two testers separately assessed each twin at 
the same time.  For all reading and spelling measures, raw scores based on total number correct 
were used unless otherwise specified.  For all preschool measures, raw scores were standardized 
within-gender to control for any sex differences and outliers were trimmed to +/- 3 standard 
deviations. 
 Preschool measures.  To help increase reliability in the preschool measures, each of the 
five preschool constructs of interest (print knowledge, vocabulary, rapid naming, phonological 
memory, and phonological awareness) was assessed using multiple measures that were modeled 
as latent variables (Bollen, 1989).  To ensure that our a priori five-factor structure for the 
preschool variables was appropriate, we fit all preschool variables to a confirmatory factor 
analysis using the AMOS software (Arbuckle, 2008).  The hypothesized five-factor structure for 
the preschool variables showed adequate fit (χ2 = 308.73, df = 94, CFI = .92, RMSEA = .069 
[95% confidence interval: .061, .078]).  For all subsequent analyses, therefore, we will refer to 
the preschool latent factors rather than individual measures.    
 The following descriptions group the measures according to the latent variable onto 
which they loaded.  In the interest of space, only very brief descriptions of the 16 preschool 
measures are provided; for more detailed descriptions, please see Byrne et al. (2002) and 
Samuelsson et al. (2005).  Reliabilities reported are from Samuelsson et al. (2005). 
 Print knowledge.  Four measures were used to assess print knowledge.  Concepts about 
Print (Clay, 1975) tested understanding of print conventions, such as left-to-right direction of 
print and the difference between pictures and print (Cronbach’s α = .83).  In letter identification, 
children pointed out one letter out of four on a card that represented the letter spoken by the 
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experimenter (Cronbach’s α = .92).  Sound identification was similar to letter identification, but 
the experimenter spoke the sound of the letter instead (Cronbach’s α = .87).  Word cards tested 
understanding of six common examples of print in the environment, such as a stop sign and exit 
sign (Cronbach’s α = .46).    
 Rapid naming.  Two measures were used to assess rapid naming, both from the 
Comprehensive Test of Phonological Processing (CTOPP; Wagner, Torgesen, & Rashotte, 1999).  
In Rapid Object Naming, children named 72 objects (six objects repeated eight times) as quickly 
as possible (Cronbach’s α = .71).  Rapid color naming was identical in format, but used six 
colors as stimuli (Cronbach’s α = .81).   
 Phonological awareness.  Five measures were used to assess phonological awareness.  
Syllable and phoneme blending tested a child’s ability to combine syllables or phonemes into 
words (Cronbach’s α = .76).  The Sound Matching subtest from the CTOPP (Wagner et al., 
1999) required children to identify which of three words started or ended with the same sound as 
a target word (Cronbach’s α = .77).  In word elision, children deleted a syllable from a 
compound word to form a new word (Cronbach’s α = .77).  Syllable and phoneme elision 
required children to delete a syllable or phoneme from a word to form a new word (Cronbach’s α 
= .49).  In rhyme and final sound, children had to recognize that two words either rhymed or 
ended with the same phoneme (Cronbach’s α = .68). 
 Vocabulary.  Two measures were used to assess vocabulary.  The Wechsler Preschool 
and Primary Scale of Intelligence Vocabulary measure (WPPSI; Wechsler, 1989) required 
children to either name pictures or provide definitions to words (test-retest reliability for 4.5-
year-olds =  .83).  In the Hundred Picture Naming Test (Fisher & Glenister, 1992), children 
named pictures (Cronbach’s α = .89).   
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 Phonological memory.  Three measures were used to assess phonological memory.  The 
Nonword Repetition Task (Gathercole, Willis, Baddeley, & Emslie, 1994) required children to 
repeat nonsense words ranging from two to five syllables (Cronbach’s α = .84).  The WPPSI 
Sentence Memory subtest (Wechsler, 1989) consisted of sentences ranging in length from two to 
18 words that children repeated verbatim (split-half reliability for 5-year-olds = .88).  The Story 
Memory subtest from the Wide Range Assessment of Memory and Learning (WRAML; Adams 
& Sheslow, 1990) required children to recall as much as possible from two short stories that had 
been read to them (Cronbach’s α = .87).      
 Reading and spelling measures.  At the post-1st, post-2nd, and post-4th grade waves, the 
twin pairs were assessed on a measure of reading comprehension, a measure of word reading, 
and a measure of spelling.  The word reading measure came from the Test of Word Reading 
Efficiency (TOWRE; Torgesen, Wagner, & Rashotte, 1999).  In the Sight Word Reading 
Efficiency subtest, participants read a list of difficulty-ordered words as quickly as possible, with 
the score being the number correctly read in 45 seconds (test-retest reliability for children aged 
6- to 9-years-old = .97).  The reading comprehension measure was the Woodcock Passage 
Comprehension subtest from the Woodcock Reading Mastery Test (Woodcock, 1987).  Passage 
Comprehension uses a cloze procedure where children read short passages silently and are then 
asked to provide the missing word that completes the sentence (split-half reliability for first 
grade 1 = .94).  The spelling measure, the Wide Range Achievement Test Spelling Production 
subtest (WRAT Spelling; Jastak & Wilkinson, 1984), requires children to generate written 
spellings of orally presented words. The test consists of 45 items administered in increasing 
order of difficulty, and the test is discontinued after 10 consecutive spelling errors (published 
alternate form reliability = .90). 
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Descriptions of Analyses  
 To assess preschool prediction of individual differences in early reading and spelling 
development, an approach adapted from Finkel, Reynolds, McArdle, and Pederson (2005) is 
used.  First, phenotypic latent growth models estimate each participant’s intercept (post-1st grade 
score) and shape (non-linear rate of growth through post-4th grade).  These estimates are then 
used as raw variables for all subsequent phenotypic and behavior-genetic analyses.  
 Phenotypic latent variable growth curve modeling.  Latent variable growth curve 
models take repeated measures of a variable and fit regression models for each individual in the 
sample.  The models are able to estimate group level parameters (intercept and rate of growth, 
called shape in our study to reflect that it is nonlinear) as well as individual variation around 
those parameters (for more details regarding latent growth modeling, see e.g., Byrne & Crombie, 
2003; Duncan, Duncan, Strycker, Li, & Alpert, 1999; Preacher, Wichman, MacCallum, & Briggs, 
2008). The latent growth models for each reading and spelling measure were estimated in AMOS 
(Arbuckle, 2008).   
 The basic form of a latent growth model is shown in Figure 3, where the small d’s over 
the latent variables represent variation (or disturbances) around the sample means and the small 
u’s underneath each time point represent unique variance, largely time-point-specific error 
unrelated to overall growth.  The double-headed arrow shows that intercept and shape were 
allowed to correlate.  The loadings from the intercept latent variable to each time point are set to 
one, as the intercept is the estimated ability at a particular time point (i.e., post-1st grade in our 
analyses).  The loadings from the rate of growth, or shape, latent variable to each time point are 
scaled to the time interval between the measurement occasions.  We knew from previous 
analyses using growth modeling (Christopher et al., in press) that our rates of growth were  
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Figure 3.  Phenotypic Latent Unspecified Growth Model.  ? = loading estimated from model, 
allowing for nonlinear growth.  Small u’s represent unique variance specific to a time point, 
including measurement error.  Small d’s represent variance around the latent factors. 
 
nonlinear; thus, we allowed the loading from the shape latent variable to the third time point, 
post-4th grade, to be estimated in the model.6  Given that there were two years between the post-
2nd and post-4th grade assessments, this loading would be three if children grew at a linear rate, 
with equal growth rates between post-1st and post-2nd as between post-2nd and post-4th.  Any 
loading less than three indicates that growth was slowing between the second and third time 
points. 
                                                
6 The rate of growth latent factor is called “shape” in our study to indicate that we allowed for 
nonlinear growth.  If the rate of growth had been fixed to be linear, the factor would be called 
“slope.” 
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 Structural equation modeling.  Structural equation modeling is similar to multiple 
regression techniques, but with latent variables (see Bollen, 1989).  Structural equation modeling 
allows us to test whether scores on the preschool latent variables predict how well a child reads 
or spells at the end of first grade (intercept) as well as the child’s rate of growth on the reading or 
spelling measure through the end of fourth grade (shape).  Using AMOS (Arbuckle, 2008), we 
ran two series of structural equation models.  The first series, an example of which is shown in 
Figure 4, included each preschool variable predicting each reading and spelling measure 
individually.  For example, to assess whether print knowledge predicts spelling, a unidirectional 
arrow connected the print knowledge latent variable to the spelling intercept and shape.  Models 
were fit for all five preschool latent variables predicting the two reading and one spelling 
measures, for a total of 15 structural equation models. 
 The second series of structural equation models included all of the preschool latent 
variables in the same model.  Models were fit for each of the two reading measures and the 
spelling measure, for a total of three models.  The preschool latent variables were allowed to 
correlate, and unidirectional arrows connected each preschool latent variable to the intercept and 
shape for the reading or spelling measure.  The loadings from each preschool latent variable to 
the intercept and shape estimated the effect of the preschool variable onto the reading/spelling 
variable after controlling for the other preschool variables.  In all of our structural equation 
models, age at the end of first grade was included as a covariate to help control for any potential 
age effects.      
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Figure 4.  Example Structural Equation Model (Print Knowledge Predicting Intercept and Shape).  
Standardized X and Y loadings shown in Table 11 and Table 16.  
 
 Behavior-genetic analyses.  Identical (MZ) twins share 100% of their genes, while 
fraternal (DZ) twins share 50% of their segregating genes on average.  Shared family influences, 
however, will be equally similar regardless of zygosity (Plomin, DeFries, McClearn, & 
McGuffin, 2008).  Using this standard twin model, univariate analyses decompose phenotypic 
variance in the latent preschool factors and the reading and spelling variables into three 
components: additive genetic influence (a2), shared environmental influences (that make twins in 
a pair similar regardless of genetic factors; c2), and nonshared environmental influences (that 
make twins in a pair dissimilar regardless of genetic and shared environmental influences, 
including error; e2).   
 In addition to univariate analyses, we used multivariate Cholesky decomposition models 
(Neale, Boker, Xi, & Maes, 2003) estimated using the OpenMx package (Boker et al., 2011; 
2012) to decompose the covariance amongst the preschool latent factors and reading and spelling 
variables into estimates of genetic and environmental influences (a2, c2, and e2).  As shown in 
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Figure 5.  Cholesky Decomposition of Covariance between Preschool Predictors, Intercept, and 
Shape for One Twin in a Pair.  Age controlled for as a covariate.  
 
Figure 5 (for one twin in the pair), the first set of latent factors estimates the extent to which the 
variables share genetic (A1), shared environmental (C1) and nonshared environmental (E1) 
influences.  Similar to hierarchical regression, order is important in Cholesky decompositions: In 
addition to capturing shared variance, the first set of factors also captures the genetic and 
environmental influences specific to whichever variable is entered first (i.e., intercept in Figure 
5).  The second set of latent factors (A2, C2, and E2) decomposes the covariance amongst the 
remaining variables (shape and the preschool predictor latent factor), after controlling for the 
first variable (the intercept).  The final set of latent factors captures any genetic and 
environmental influences in the final variable (the preschool predictor) after controlling for the 
first two variables (intercept and shape).  
 To further explore the relations between each preschool skill and reading and spelling 
variables, we calculated genetic and shared environmental correlations for each pair of variables 
to estimate the extent to which genetic and shared environmental influences on one variable 
overlap with the influences on the other variable.  These correlations are independent from the 
overall magnitude of genetic and environmental influences; thus, it is possible to have high 
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shared environmental correlations even if, for example, there is small shared environmental 
variance in the variables. 
Results 
Descriptive Statistics and Univariate Analyses 
 Means and standard deviations for all of the preschool, reading, and spelling measures 
are shown in Table 10.  We knew from earlier analyses that our sample’s standard score (SS) 
means and standard deviations on the measures of reading comprehension, spelling, and word 
reading are close to the standardizing population’s means and standard deviations (see 
Christopher et al., in press).  In the present study, intercept and shape values were estimated for 
each participant using AMOS (Arbuckle, 2008) by fitting phenotypic latent growth models to 
post-1st, post-2nd, and post-4th grade raw scores for each measure.  Because of potential problems 
with non-independence, all phenotypic growth models were first fit to a sample that included one 
twin selected at random from each pair.  The models were also fit to data from the remaining 
twins.  For all variables, model comparisons showed that the models fit both twins in a pair 
equally well (all Δχ2 values between the two twin samples were not significant: p = .64, .89, 
and .79 for reading comprehension, spelling, and word reading, respectively); thus, the final 
Bayes estimates for intercept and shape came from models that included both twins.  Missing 
data was minimal as all participants had data at a minimum of two waves, and 94% of 
participants had data at all three waves. 
 Intercept for each variable is the estimated raw score at post-1st grade.  Shape for each 
variable is the estimated rate of growth over time.  As noted in methods, we allowed for 
nonlinear growth on the measures by allowing the loading from the third time point (post-4th  
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Table 10.  
Descriptive Statistics and Univariate Estimates. 
    Univariate Estimates 
 n Mean SD a2 c2 e2 
TOWRE Sight    
Intercept (post-1st grade) 962 40.23 16.14 .81* .01 .18* 
[.63, .86] [.00, .19] [.14, .22] 
Shape (final loading: 2.04)a 962 14.26 4.61 .55* .02 .44* 
[.28, .64] [.00, .23] [.36, .53] 
Woodcock Passage Comprehension    
Intercept (post-1st grade) 962 24.37 7.46 .74* .01 .25* 
[.54, .80] [.00, .20] [.20, .31] 
Shape (final loading: 2.14)a 962 6.97 2.06 .14 .13 .74* 
[.00, .38] [.00, .30] [.62, .85] 
WRAT Spelling    
Intercept (post-1st grade) 962 12.71 4.96 .70* .07 .23* 
[.51, .81] [.00, .25] [.18, .28] 
Shape (final loading: 2.45)a 962 5.21 1.26 .12 .20 .68* 
[.00, .41] [.00, .36] [.57, .79] 
Print Knowledge Latent Variable    
Concepts about Print (/24) 959 7.19 3.80    
Letter Identification (/26) 957 17.73 6.92 .27* .70* .03 
Sound Identification (/26) 932 12.38 5.98 [.14, .41] [.57, .81] [.00, .07] 
Word Cards (/6) 959 2.42 1.15    
Rapid Naming Latent Variable    
Objectsb (seconds) 956 126.65 39.31 .58* .18 .24* 
Colorsb (seconds) 921 141.71 51.18 [.31, .83] [.00, .41]  [.16, .33] 
Phonological Awareness Latent Variable    
Syllable & Phoneme Blending (/12) 960 6.47 2.53    
CTOPP Sound Matchingb (/20) 960 3.67 3.11 .70* .30* .00 
Word Elision (/12) 960 6.94 2.95 [.48, .96] [.04, .52] [.00, .03] 
Syllable & Phoneme Elision (/12) 960 3.81 1.86    
Rhyme & Final Sounds (/16) 958 8.60 3.14    
Vocabulary Latent Variable    
WPPSI Vocabulary (scaled) 955 10.53 3.06 .21* .79* .00 
100 Pictures (/100) 952 76.04 9.33 [.04, .37] [.63, .93] [.00, .09] 
Phonological Memory Latent Variable    
Nonword Repetition (/28) 935 12.51 5.52 .54* .41* .05 
WPPSI Sentence Memory (scaled) 951 10.31 2.88 [.33, .78] [.19, .60] [.00, .14] 
WRAML Story Memoryb (/55) 954 8.39 6.13    
Note: Intercept (post-1st grade) and Shape (growth through 4th grade) derived from latent 
unspecified growth models that included 1st, 2nd, and 4th grade raw scores.   
a Estimated loading from the end of 4th grade to the Shape latent factor.  Any number less than 
3 suggests nonlinear growth, with children gaining less between 2nd and 4th grade than between 
1st and 2nd grade.  Multiplying by Shape equals the average gain from 1st to 4th grade. 
b Due to significant skew, variable was transformed prior to all analyses. 
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grade) to shape to be estimated in the model.  The loadings shown next to shape in Table 10 are 
these loadings, and multiplying the final loadings by the mean shape gives the average gain in 
raw score points from post-1st to post-4th grade.  The final loadings were all less than three (2.04 
– 2.45), showing that raw score growth between post-2nd grade and post-4th grade was lower than 
between post-1st grade and post-2nd grade.  Comparison of the standard deviations for intercept 
and shape shows that, for each measure, there was much more variance on intercept than shape.  
The small magnitude of the shape variances suggests that our participants were growing at 
similar rates, a topic that will be expanded upon in the discussion.  The descriptive statistics for 
the preschool measures are grouped under their respective preschool latent variables.  Four of the 
measures showed significant skew (Rapid Naming Colors and Objects, Sound Matching, and 
Story Memory), and were log-transformed prior to all analyses.  In addition, Rapid Naming 
Colors and Rapid Naming Objects were reverse-coded in all analyses, so that faster times 
equated better performance.  
 Also shown in Table 10 are univariate analyses that estimate the amount of variance in 
each measure that is due to genetic influences (a2), shared environmental influences (c2), and 
non-shared environmental influences (e2).  The reading and spelling intercepts showed similar 
patterns, with large genetic influences, small and non-significant shared environmental 
influences, and moderate non-shared environmental influences (including measurement error).  
Only word reading showed evidence of large and significant genetic influences on shape, with 
very small and non-significant shared environmental influences.  Both reading comprehension 
and spelling had small and non-significant genetic and shared environmental influences on shape.  
The large, significant non-shared environmental influences on shape suggest that estimates of 
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rate of growth are highly unreliable, potentially a consequence of the small magnitude of shape 
variances.  The implications of these large nonshared environmental estimates will be considered 
in the discussion. 
 The univariate results for the preschool latent variables are consistent with previous 
analyses that used the same dataset and similar preschool latent variables (Samuelsson et al., 
2007).  Shared environmental influences were strongest for print knowledge and vocabulary (.70 
and .79, respectively), with smaller, significant genetic influences (.27 and .21).  Rapid naming, 
phonological awareness, and phonological memory all had large, significant genetic influences 
(.58, .70, and .54, respectively).  Individual differences in phonological awareness and 
phonological memory also had moderate and significant shared environmental influences (.30 
and .41, respectively).  Shared environmental influences on rapid naming were small and non-
significant (.18).  Non-shared environmental influences were generally very small and non-
significant, with the exception of rapid naming (.24).      
Phenotypic Analyses of the Relations between Preschool Latent Variables and Early 
Reading and Spelling Development 
 To test each preschool factor’s relation with early reading and spelling development, a 
series of 15 structural equation models were run.  Each of the five preschool latent variables was 
individually entered into structural equation models predicting intercept and shape for reading 
comprehension, spelling, or word reading.  The standardized path loadings connecting the 
preschool factor to intercept and shape are shown in Table 11.  The paths from each preschool 
factor to the intercepts were significant, suggesting that skills assessed prior to reading 
instruction do, on their own, predict post-1st grade reading and spelling ability.  The loadings  
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ranged in size from .26 (phonological memory to word reading) to .49 (print knowledge to 
reading comprehension), with most loadings ranging from .27 to .45.   
 The relations between the preschool factors and rates of growth were more complicated. 
While all five preschool factors were individually related to post-1st grade ability, phonological 
awareness, vocabulary, and phonological memory were not significantly related to growth on 
reading comprehension, nor did print knowledge predict growth on spelling.  In addition, while 
print knowledge and rapid naming did significantly predict growth on reading comprehension, 
the loadings were negative (-.32 and -.24 respectively); thus, higher print knowledge levels and 
rapid naming ability in preschool were related to slower rates of growth in reading 
comprehension and vice versa.  Like reading comprehension, there were significant negative 
relations between all five preschool factors and growth on word reading.  In contrast, the 
relations between rapid naming, phonological awareness, vocabulary, and phonological 
awareness and spelling were all significantly positive.  As will be discussed later, the direction of 
these relations reflects the overall relation between intercept and shape for each measure; our 
measures of reading comprehension and word reading may start to reach ceiling earlier than 
spelling, even by post-1st grade. 
 Taken together, the results of the structural equation models for each preschool factor 
suggest that, on their own, each of the five factors is a significant predictor of reading and 
spelling ability at the intercept, the end of the first full year of formal literacy instruction.  In 
addition, most of the preschool factors predicted growth rates through most of elementary school 
in reading and spelling.  The etiological sources of these relations are explored in the following 
analyses. 
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Behavior-Genetic Analyses of the Relations between Preschool Latent Variables and Early 
Reading and Spelling Development 
 Table 12 (word reading), Table 13 (reading comprehension), and Table 14 (spelling) 
display results from behavior-genetic Cholesky decompositions of the covariance between each 
preschool factor and the reading and spelling measures.  These tables follow standard labeling 
conventions by labeling additive genetic factors as “A”, shared environmental factors as “C” and 
non-shared environmental factors as “E.”  Because one of the goals of the analyses was to assess 
whether the preschool factors predicted growth rates over and above post-1st grade ability, the 
preschool factors were entered last.  The A1, C1, and E1 factors, therefore, capture both the 
genetic and environmental variance in the intercept as well as the extent to which shape and each 
preschool factor share genetic and environmental variance with the intercept.  The A2, C2, and 
E2 factors capture variance in shape left after controlling for intercept, as well as the extent to 
which the preschool factor shares unique variance with shape.  The final factors, A3, C3, and E3, 
capture any remaining genetic and environmental variance in the preschool predictor. 
  The Cholesky results showed similar patterns across reading comprehension, spelling, 
and word reading, with a few exceptions that will be highlighted.  In general, genetic variance in 
the preschool predictors was shared primarily with genetic variance at intercept, as shown by the 
significant A1 factor loadings.  There was almost no evidence that the preschool predictors 
shared additional genetic variance with shape, after controlling for intercept (A2 factor loadings).  
Nor did there appear to be significant unique genetic variance in any of the preschool predictors, 
after controlling for intercept and shape (A3 factor loadings).  The genetic covariance between 
reading comprehension growth and print knowledge was one exception to this pattern: The A2 
loadings showed significant genetic variance in shape over and above intercept (.34), and that   
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Table 12.  
Genetic Analyses of the Covariance between TOWRE Sight and Preschool Latent 
Variables Individually. 
 Cholesky Decomposition 
 A1 A2 A3 C1 C2 C3 E1 E2 E3 
Intercept (post-1st grade) .88*   -.21*   .42*   
Shape (thru post-4th) -.70* -.13  .08 .21  -.43* .51*  
Print Knowledge .32* .41 .00 -.82* -.19 .00 .05 .00 .17 
Intercept (post-1st grade) .90*   .10   .42*   
Shape (thru post-4th) -.72* -.10  .15 -.05  -.43* .51*  
Rapid Naming .35* -.03 .70 .31 .21 .14 .09* .03 -.47* 
Intercept (post-1st grade) -.90*   .15   .42*   
Shape (thru post-4th) .72* -.05  .04 -.19  -.43* .51*  
Phonological Awareness -.36* .75 .00 .53 .13 .00 -.01 .00 .00 
Intercept (post-1st grade) .90*   -.11   .42*   
Shape (thru post-4th) -.72* .08  -.12 -.12  -.43* .51*  
Vocabulary .23* -.38 .00 -.67 .49 .33 .07 .06 .00 
Intercept (post-1st grade) .90*   -.10   .42*   
Shape (thru post-4th) -.72* .04  -.15 -.08  -.43* .51*  
Phonological Memory .30* .66 .05  -.27 .57 .15 .03 .01 -.21 
 Correlations 
  Print Knowledge 
Rapid 
Naming 
Phono. 
Awareness Vocabulary 
Phono. 
Memory 
  I S I S I S I S I S 
Phenotypic S -.82*  -.82*  -.82*  -.82*  -.82*  P .47* -.40* .39* -.24* .40* -.30* .31* -.17* .31* -.21* 
Genetic 
S -.98*  -.99*  -1.00*  -.99*  -1.00*  
P .61* -.74* .45* -.44* .44* -.50* .52* -.61* .41* -.36* 
Shared 
Environment 
S -.37  -.95  .21  .70  .88  
P .97* -.58 .77 .57 .97 -.02 .75 .13 .42 -.04 
Nonshared 
Environment 
S -.64*  -.64*  -.64*  -.64*  -.64*  
P .27 -.16 .20* -.07 -.98 .76 .76 .01 .14 -.05 
Note: Confidence intervals provided in Appendix. A = genetic, C = shared environmental, E = 
nonshared environmental.  A1, C1, and E1 latent variable represent both unique variance in 
intercept as well as variance shared between intercept, shape, and predictor.   A2, C2, and E2 
represent unique variance in shape as well as variance between shape and predictor, after 
controlling for intercept.  A3, C3, and E3 represent unique variance in preschool predictor, after 
controlling for intercept and shape.  I = Intercept; S = Shape; P = Predictor.   
* p < .05, determined from 95% confidence intervals. 
 
 
  
  91 
Table 13.  
Genetic Analyses of the Covariance between Woodcock Passage Comprehension and 
Preschool Latent Variables Individually. 
 Cholesky Decomposition 
 A1 A2 A3 C1 C2 C3 E1 E2 E3 
Intercept (post-1st grade) .85*   .18*   .49*   
Shape (thru post-4th) -.41* -.37*  .11 .00  -.45* .69*  
Print Knowledge .42* .34* .00 .83* .00 .00 .07* .04 -.13 
Intercept (post-1st grade) .85*   .19   .50*   
Shape (thru post-4th) -.37* -.18  -.04 .32  -.47* .71*  
Rapid Naming .31* .61 -.30 .33 .31 .00 .11* .03 -.48* 
Intercept (post-1st grade) .84*   -.22   .50*   
Shape (thru post-4th) -.41* -.14  -.09 -.29  -.46* .71*  
Phonological Awareness .51* .63 .00 -.48 -.33 .00 -.04 .06 .00 
Intercept (post-1st grade) .86*   .15   .50*   
Shape (thru post-4th) -.36* .23  -.07 .30  -.47* .71*  
Vocabulary .37* -.22 .00 .65 .62 .00 .06 .03 .00 
Intercept (post-1st grade) .86*   .12   .50*   
Shape (thru post-4th) -.35* .23  -.11 -.29  -.48* .71*  
Phonological Memory .55* -.27 -.39 -.21 -.48 .39 -.01 .07 -.23 
 Correlations 
  Print Knowledge 
Rapid 
Naming 
Phono. 
Awareness Vocabulary 
Phono. 
Memory 
  I S I S I S I S I S 
Phenotypic S -.55*  -.55*  -.55*  -.55*  -.55*  P .53* -.21* .38* -.17* .52* -.10* .45* -.05 .44* -.04 
Genetic 
S -.75*  -.89*  -.94*  -.84*  -.84*  
P .77* -1.0* .41* -.73* .63* -.85* .86* -1.0* .76* -.84* 
Shared 
Environment 
S 1.00  -.13  .29  -.22  -.36  
P 1.00* 1.0 .73 .58 .82 .79 .72 .51* -.32 .80* 
Nonshared 
Environment 
S -.54*  -.55*  -.54*  -.55*  -.56*  
P .44* -.01 .22* -.08 -.50 1.00* .86 -.06 -.04 .26 
Note: Confidence intervals provided in Appendix. A = genetic, C = shared environmental, E = 
nonshared environmental.  A1, C1, and E1 latent variable represent both unique variance in 
intercept as well as variance shared between intercept, shape, and predictor.   A2, C2, and E2 
represent unique variance in shape as well as variance between shape and predictor, after 
controlling for intercept.  A3, C3, and E3 represent unique variance in preschool predictor, after 
controlling for intercept and shape.  I = Intercept; S = Shape; P = Predictor.   
* p < .05, determined from 95% confidence intervals. 
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Table 14.  
Genetic Analyses of the Covariance between WRAT Spelling and Preschool Latent 
Variables Individually. 
 Cholesky Decomposition 
 A1 A2 A3 C1 C2 C3 E1 E2 E3 
Intercept (post-1st grade) .84*   .25*   .48*   
Shape (thru post-4th) .38* .15  -.29 -.28  -.31* .76*  
Print Knowledge .38* -.34* .00 .45 -.57 -.43 .04 .03 -.16 
Intercept (post-1st grade) .83*   .30   .48*   
Shape (thru post-4th) .37* .10  -.19 -.38  -.31* .76*  
Rapid Naming .23* -.72 .00 .23 -.37 .00 .04 .09* .47* 
Intercept (post-1st grade) -.84*   -.26   .48*   
Shape (thru post-4th) -.38* .11  .28 -.31  -.31* .76*  
Phonological Awareness -.43* -.71 .00 -.23 -.35 -.36 .02 .05 .00 
Intercept (post-1st grade) .84*   .25   .48*   
Shape (thru post-4th) .37* .20  -.27 -.29  -.31* .76*  
Vocabulary .27* -.37 .00 .26 -.39 .75 .03 .05 .00 
Intercept (post-1st grade) .84*   .26   .48*   
Shape (thru post-4th) .37* .20  -.26 .30  -.31* .76*  
Phonological Memory .33* -.66 .00 .11 .41 -.49 .03 .08* .19 
 Correlations 
  Print Knowledge 
Rapid 
Naming 
Phono. 
Awareness Vocabulary 
Phono. 
Memory 
  I S I S I S I S I S 
Phenotypic S .10*  .10*  .10*  .10*  .10*  P .46* .13* .28* .16* .44* .16* .31* .10* .31* .14* 
Genetic 
S .93*  .96*  .96*  .88*  .88*  
P .75* .45 .29* .04 .52* .27 .59* .14 .44* -.03 
Shared 
Environment 
S -.72  -.46  -.67  -.68  -.65  
P .54 .08 .52 .52 .42 .19 .29 .13 .17 .38 
Nonshared 
Environment 
S -.38*  -.38*  -.38*  -.38*  -.38*  
P .26 .08 .08 .14 .39 .70 .51 .60 .13 .31 
Note: Confidence intervals provided in Appendix. A = genetic, C = shared environmental, E = 
nonshared environmental.  A1, C1, and E1 latent variable represent both unique variance in 
intercept as well as variance shared between intercept, shape, and predictor.   A2, C2, and E2 
represent unique variance in shape as well as variance between shape and predictor, after 
controlling for intercept.  A3, C3, and E3 represent unique variance in preschool predictor, after 
controlling for intercept and shape.  I = Intercept; S = Shape; P = Predictor.   
* p < .05, determined from 95% confidence intervals. 
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print knowledge shared independent genetic variance with shape (-.37).  Spelling also showed 
significant independent genetic variance for shape on the A2 factor (-.34), but this variance was 
not significantly shared with print knowledge.  Rates of growth on reading comprehension, 
therefore, share genetic variance with print knowledge, over and above the genetic variance 
shared at intercept.  In general, however, these results suggest that genetic influences present at 
the end of first grade largely account for the genetic covariance between the preschool latent 
factors and reading and spelling ability, and there was little additional genetic variance for 
growth rates to share with the preschool factors. 
 Turning to the shared environmental factors (C1, C2, and C3), there was little evidence of 
any significant shared environmental paths.  Given that our intercepts and shapes all showed 
very small and nonsignificant shared environmental univariate estimates (see Table 10), this is 
not unexpected.  Print knowledge was the only preschool factor to show significant shared 
environmental loadings on C1 for reading comprehension and word reading (.83 and -.82). 
Combined with the genetic results above, it appears as though the relations between preschool 
predictors and future reading and spelling ability are mostly and significantly due to shared 
genetic influences, and not significantly due to shared environmental influences. 
 The final sets of factors (E1, E2, and E3) capture nonshared environmental variance.  In 
general it appears as though nonshared environmental variance at intercept is shared with shape, 
but not the preschool predictors.  In addition, there is independent nonshared environmental 
variance in shape.  These loadings probably reflect some measurement error in the reading and 
spelling measures.   
 Another way of examining the relations between the preschool factors and the reading 
and spelling measures are the correlations shown in the bottom halves of Table 12, Table 13, and 
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Table 14.  The first row contains the phenotypic correlations between the variables.  The genetic, 
shared environmental, and nonshared environmental correlations estimate the extent to which 
genetic and environmental influences overlap between two variables.  As noted earlier, these 
correlations are independent from the overall magnitude of genetic and environmental influences.  
 Before discussing the genetic and environmental correlations, we will first highlight what 
the phenotypic correlations reveal regarding the overall relations between the preschool factors 
and the reading and spelling measures.  The phenotypic correlations show that, for reading 
comprehension and word reading, there are strong negative relations between intercept and shape 
(-.55 and -.82).  Higher post-1st grade scores, therefore, were tied to slower rates of growth 
through the fourth grade.  As mentioned earlier, it is possible that the negative sign reflects that 
growth rates for performance on these two measures started to asymptote, potentially due to 
ceiling effects.  Supporting this idea, the third shape loadings, shown in Table 10, are close to 
two for both reading comprehension and word reading (2.14 and 2.04); thus, children grew 
roughly half as quickly between second and fourth grade as they did between first and second 
grade.  In contrast to reading comprehension and word reading, the final shape loading for 
spelling was higher at 2.45 and the phenotypic correlation between intercept and shape was .10.  
Growth in spelling raw scores, therefore, did not decelerate to the extent that raw scores in 
reading comprehension and word reading did.     
 The phenotypic correlations between intercept and the preschool factors were all 
moderate, positive, and significant (r = .28 to .53).  In line with the structural equation modeling 
results, better performance on the preschool measures was associated with better reading and 
spelling scores at the end of first grade.  Growth on word reading was significantly related to all 
five preschool factors: print knowledge (-.40), rapid naming (-.24), and phonological awareness 
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(-.30), vocabulary (-.17), and phonological memory (-.21).  Growth on reading comprehension 
was significantly related to print knowledge (-.21), rapid naming (-.17), and phonological 
awareness (-.10). Growth on spelling was positively correlated with all five preschool factors: 
print knowledge (.13), rapid naming (.16), phonological awareness (.16), vocabulary (.10), and 
phonological memory (.14).  The direction of these correlations reflects the direction of the 
relation between intercept and shape on the reading and spelling measures.  
 The sources underlying the phenotypic relations are illustrated via the genetic and 
environmental correlations.  In general, the genetic correlations tell a similar story to the 
phenotypic correlations: genetic influences at intercept overlapped with genetic influences on 
shape (r = -1.00 to .75, absolute magnitudes between .75 and 1.00), but in a negative direction 
for reading comprehension and spelling; genetic influences at intercept had significant overlap 
with genetic influences on all of the preschool factors (r = .30 to .86); and genetic influences on 
growth rates in reading comprehension and word reading significantly overlapped with genetic 
influences on the preschool predictors, but also in a negative direction (r = -.44 to -1.00).  
Genetic influences on the preschool factors did not, however, correlate with growth on spelling 
(r = -.03 to .45).   
 In contrast to the genetic correlations, there were only a few instances wherein there was 
significant overlap between shared environmental influences on preschool factors and shared 
environmental influences on either intercept or shape.  For example, print knowledge had 
significant overlap for shared environmental influences with reading comprehension intercept (r 
= 1.00) and word reading intercept (r = .97), but not with spelling intercept (r = .54).  Rapid 
naming and phonological awareness had no significant shared environmental overlap with any of 
the reading and spelling measures.  Phonological memory and vocabulary only had significant 
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shared environmental correlations with growth on reading comprehension (r = .80 and .51).   In 
general, therefore, shared environmental influences on the preschool predictors were not 
significantly shared with either post-1st grade reading and spelling ability or growth on reading 
and spelling. 
Testing the Individual Contributions of Each Preschool Latent Variable Prediction to 
Reading and Spelling Development 
 As shown in Table 15, all of the preschool latent variables were significantly correlated 
with each other (p  < .01).  Rapid naming had the smallest correlations with the other factors (r 
between .31 and .40), while the remaining factors, Print Knowledge, Vocabulary, Phonological 
Awareness, and Phonological Memory were highly correlated with each other (r between .75 
and .85), with the exception of Print Knowledge and Phonological Memory (r = .55). 
 The fact that all of the preschool factors were correlated raises the possibility that some 
of the preschool factors may be associated with reading and spelling abilities because of common 
variance shared amongst preschool pre-reading skills rather than because of specific independent 
contributions from the preschool factor.  To test the independent contributions of the five 
precursor skills to reading comprehension, spelling, and word reading intercept and rates of 
growth, we ran three additional structural equation models, one for each of the reading and 
spelling measures.  The models included all five preschool latent factors, allowing us to test each 
factor’s independent variance after controlling for shared preschool variance.   
 It is important to note that the high correlations between four of the preschool factors 
suggest multicollinearity amongst these four independent variables (e.g., de Jong, 1999; Grewal, 
Cote, & Baumgartner, 2004).  While the effects of multicollinearity in standard linear regression   
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Table 15.  
Phenotypic Correlations for Preschool Latent Variables.  
 1. 2. 3. 4. 5. 
1. Print Knowledge -     
2. Rapid Naming .40 -    
3. Phonological Awareness  .76 .36 -   
4. Vocabulary  .75 .37 .85 -  
5. Phonological Memory .55 .31 .79 .84 - 
Note: Correlations use one twin from each pair, selected at random.  
All correlations significant at p < .01. 
 
are well known (Blalock, 1963; Morrow-Howell, 1994), the extent to which multicollinearity is a 
problem in structural equation models using latent variables is less understood (Grewal et al., 
2004).  We chose to include all five preschool factors in the following structural equation models 
given that the results of the confirmatory factor analysis supported a five-factor model for the 
preschool skills, we had a large sample size (in line with recommendations from Grewal et al.), 
and there were theoretical reasons for including each skill.  However, to ensure that the results of 
the structural equation models were not adversely affected by the potential multicollinearity, 
follow-up analyses were conducted to test the effects of dropping some of the correlated factors. 
 The results of the structural equation models are shown in Table 16.  All together, the 
five preschool factors accounted for 25% of the variance in post-1st grade word reading, 32% of 
the variance in post-1st grade reading comprehension, and 21% of the variance in post-1st grade 
spelling.  In addition, the preschool factors captured 18% of the variance in word reading growth, 
9% of reading comprehension growth, and 7% of spelling growth.  The standardized regression 
loadings from print knowledge and rapid naming to the intercepts were significant (print 
knowledge to word reading, reading comprehension, and spelling = .37, .29, and .32, 
respectively; rapid naming to word reading, reading comprehension, and spelling = .27, .21, 
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and .14, respectively).   With the exception of print knowledge to spelling, print knowledge and 
rapid naming also had significant loadings to shape (print knowledge to word reading and 
reading comprehension = -.54 and -.45; rapid naming to word reading, reading comprehension, 
and spelling = -.13, -.12, and .18, respectively).  After controlling for phonological awareness, 
vocabulary, and phonological memory, therefore, preschool print knowledge and rapid naming 
continued to account for significant portions of the variance in post-1st grade reading and spelling 
ability, as well as growth through the end of fourth grade.  
 These results suggest that, out of the five predictors included, print knowledge and rapid 
naming were the main independent predictors.  To test that this conclusion was valid given the 
high correlations between print knowledge, phonological awareness, vocabulary, and 
phonological memory, models were run dropping either print knowledge or phonological 
awareness, vocabulary, and phonological memory.  Dropping print knowledge from the model 
removed 4%, 8%, 3%, 6%, 3%, and 1% of the explained variance in word reading intercept and 
growth, reading comprehension intercept and growth, and spelling intercept and growth, 
respectively.  Dropping phonological awareness, phonological memory, and vocabulary, 
however, resulted in less of a change in explained variance: difference of 2%, 6%, 3%, 4%, 1%, 
and 0% for word reading intercept and growth, reading comprehension intercept and growth, and 
spelling intercept and growth, respectively.  Therefore, print knowledge appears to capture more 
variance in reading and spelling on its own than phonological awareness, phonological memory, 
and vocabulary combined. 
 The results of the phenotypic structural equation models with all five preschool factors 
included suggest that part of the relations between preschool predictors and later reading and 
spelling development is not specific to the individual predictors, but instead reflects common 
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variance at preschool.  In order to test the etiology of variance shared by the preschool factors, as 
well as how that shared variance relates to early reading and spelling development, we tested 
genetic and environmental Cholesky decomposition models that included all of preschool factors 
in the same models.  
Decomposing Preschool Factor Covariance and its Relations to Reading and Spelling 
 To test the etiology of the covariance shared amongst the preschool factors, as well as to 
examine whether common preschool variance accounted for the longitudinal relations between 
preschool factors and reading and spelling acquisition, three additional Cholesky decomposition 
models were fit: one for word reading, one for reading comprehension, and one for spelling.  The 
results of these models are shown in Table 17 to Table 19.  The order of the variables is different 
than the earlier Cholesky models with each preschool factor individually: the five preschool 
factors are entered first, followed by intercept and shape.  This order allows us to test whether 
the common preschool variance is what predicts individual differences in post-1st grade reading 
and spelling and rates of growth, as well as whether there is any additional unique variance in 
each of the preschool factors that is shared with the reading and spelling factors.  Print 
knowledge and rapid naming were entered first and second, as the phenotypic results suggested 
these two preschool factors were the strongest independent predictors of reading and spelling.  
 As the results in Table 17 (word reading), Table 18 (reading comprehension), and Table 
19 (spelling) show, the genetic influences on individual differences in preschool print knowledge 
(A1 factor) are largely shared with the other four preschool factors, as well as with post-1st grade 
reading comprehension, spelling, and word reading, and rates of growth on word reading and 
reading comprehension.  Rapid naming (A2 factor), Phonological Awareness (A3 factor), and  
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Table 17.  
Genetic Analyses of the Covariance between TOWRE Sight and Preschool Latent Variables in Same Model. 
 Cholesky Decomposition 
 A1 A2 A3 A4 A5 A6 A7 C1 C2 C3 C4 C5 C6 C7 E1 E2 E3 E4 E5 E6 E7 
Print 
Knowledge .49*       .85*       .20*       
Rapid 
Naming .28* -.73*      .27* -.30*      .25* .41      
Phonological 
Awareness .57* .05 -.41     .53* -.29 -.33     .11 -.09 .05     
Vocabulary .28* .06 -.12 -.33    .61* -.38 -.35 .37    .14* .00 -.04 -.04    
Phonological 
Memory .28* .02 -.27 -.58 -.01   .46* -.26 -.45 -.16 .00   .12 .03 -.02 -.02 .00   
Intercept .56* -.20 -.08 -.14 -.32 .54  .21* .03 .09 .00 .01 .05  .10 .03 -.40 -.01 .00 .00  
Shape  -.54* .12 -.02 .08 .22 -.37 .00 -.13 -.20 .00 .01 .02 .05 .00 -.10 .01 .41 -.49 .00 .00 .00 
Note: Confidence intervals provided in Appendix. A = genetic, C = shared environmental, E = nonshared environmental.  A1, C1, and E1 latent variable represent 
both unique variance in print knowledge as well as covariance shared between print knowledge and the remaining variables.   A2, C2, and E2 represent unique 
variance in rapid naming as well as covariance between rapid naming and the remaining variables, after controlling for print knowledge.  A3, C3, and E3 represent 
unique variance in phonological awareness as well as covariance between phonological awareness and the remaining variables, after controlling for print knowledge 
and rapid naming.  A4, C4, and E4 represent unique variance in vocabulary as well as covariance between vocabulary and the remaining variables, after controlling 
for print knowledge, rapid naming, and phonological awareness.  A5, C5, and E5 represent unique variance in phonological memory as well as covariance between 
phonological memory and the remaining variables, after controlling for print knowledge, rapid naming, phonological awareness, and vocabulary.  A6, C6, and E6 
represent unique variance in intercept as well as covariance with shape, after controlling for all of the preschool factors.  A7, C7, and E7 represent unique variance in 
shape, after controlling for all of the other variables. 
* p < .05, determined from 95% confidence intervals. 
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Table 18.  
Genetic Analyses of the Covariance between Woodcock Passage Comprehension and Preschool Latent Variables in Same Model. 
 Cholesky Decomposition 
 A1 A2 A3 A4 A5 A6 A7 C1 C2 C3 C4 C5 C6 C7 E1 E2 E3 E4 E5 E6 E7 
Print 
Knowledge -.52*       .83*       .19*       
Rapid 
Naming -.28* -.72*      .27* -.31      .26* -.41*      
Phonological 
Awareness -.57* .06 -.41     .53* -.31 .31     .10 .08 .10*     
Vocabulary -.28* .04 -.13 .31    .62* -.33 .40 .38    .14* .00 -.02 .04    
Phonological 
Memory -.30* .00 -.26 .55 .04   .45* -.21 .50 -.15 .00   .10 -.02 .02 .09 .02   
Intercept -.66* -.09 -.19 .31* -.36 .01  .19* -.10 -.11 .04 .00 .00  .19* -.02 -.43* -.03 .17 .00  
Shape  .51* .07 -.01 -.11 -.08 .00 .00 .08 -.11 .15 -.03 .00 .00 .00 -.04 .07 .65 .25 .44 -.01 .00 
Note: Confidence intervals provided in Appendix. A = genetic, C = shared environmental, E = nonshared environmental.  A1, C1, and E1 latent variable represent 
both unique variance in print knowledge as well as covariance shared between print knowledge and the remaining variables.   A2, C2, and E2 represent unique 
variance in rapid naming as well as covariance between rapid naming and the remaining variables, after controlling for print knowledge.  A3, C3, and E3 represent 
unique variance in phonological awareness as well as covariance between phonological awareness and the remaining variables, after controlling for print knowledge 
and rapid naming.  A4, C4, and E4 represent unique variance in vocabulary as well as covariance between vocabulary and the remaining variables, after controlling 
for print knowledge, rapid naming, and phonological awareness.  A5, C5, and E5 represent unique variance in phonological memory as well as covariance between 
phonological memory and the remaining variables, after controlling for print knowledge, rapid naming, phonological awareness, and vocabulary.  A6, C6, and E6 
represent unique variance in intercept as well as covariance with shape, after controlling for all of the preschool factors.  A7, C7, and E7 represent unique variance in 
shape, after controlling for all of the other variables. 
* p < .05, determined from 95% confidence intervals. 
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Table 19.  
Genetic Analyses of the Covariance between WRAT Spelling and Preschool Latent Variables in Same Model. 
 Cholesky Decomposition 
 A1 A2 A3 A4 A5 A6 A7 C1 C2 C3 C4 C5 C6 C7 E1 E2 E3 E4 E5 E6 E7 
Print 
Knowledge .49*       .85*       .21*       
Rapid 
Naming .29* .71*      .26* .32      .26* -.41*      
Phonological 
Awareness .57* -.04 .40*     .54* .24 .37     .11 .08 -.04     
Vocabulary .28* -.04 .11 .33*    .61* .32 .40 .38    .14* .00 -.02 .01    
Phonological 
Memory .29* -.01 .25 .58 .03   .45* .21 .47 -.16 -.09   .12 -.02 -.05 .03 .01   
Intercept .65* .02 -.01 .14 .46 .16  .14* .05 -.07 -.02 .22 .00  .10 .02 .12 .29 .33 .05  
Shape  .18 -.03 -.03 -.04 .35 .12 .00 .03 .21 -.08 -.04 -.33 .00 .00 .07 -.09 -.80 -.02 -.13 -.01 .00 
Note: Confidence intervals provided in Appendix. A = genetic, C = shared environmental, E = nonshared environmental.  A1, C1, and E1 latent variable 
represent both unique variance in print knowledge as well as covariance shared between print knowledge and the remaining variables.   A2, C2, and E2 represent 
unique variance in rapid naming as well as covariance between rapid naming and the remaining variables, after controlling for print knowledge.  A3, C3, and E3 
represent unique variance in phonological awareness as well as covariance between phonological awareness and the remaining variables, after controlling for 
print knowledge and rapid naming.  A4, C4, and E4 represent unique variance in vocabulary as well as covariance between vocabulary and the remaining 
variables, after controlling for print knowledge, rapid naming, and phonological awareness.  A5, C5, and E5 represent unique variance in phonological memory 
as well as covariance between phonological memory and the remaining variables, after controlling for print knowledge, rapid naming, phonological awareness, 
and vocabulary.  A6, C6, and E6 represent unique variance in intercept as well as covariance with shape, after controlling for all of the preschool factors.  A7, 
C7, and E7 represent unique variance in shape, after controlling for all of the other variables. 
* p < .05, determined from 95% confidence intervals. 
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Vocabulary (A4 factor) showed evidence of some significant independent genetic variance, after 
controlling for print knowledge, but this variance did not significantly account for variance in 
any of the reading and spelling variables.  The genetic influences on individual differences in 
preschool levels of print knowledge, therefore, largely overlap with the genetic variance in other 
preschool measures, and this common preschool genetic variance is what is shared with post-1st 
grade reading and spelling, and rates of reading growth.  As in the previous phenotypic and 
behavior-genetic analyses, however, the relation between shape on the reading variables and the 
other variables is negative.   
 Turning now to the shared environmental influences preschool print knowledge shared 
with the other preschool factors, as well as with reading and spelling (C1 factor).  As shown in 
the tables, preschool print knowledge shares significant shared environmental influences with the 
other preschool measures and there was no evidence of significant independent shared 
environmental influences.  The common preschool shared environmental influences overlapped 
with the shared environmental influences on post-1st grade word reading, reading comprehension, 
and spelling, as well as growth on word reading.  
 Taken together, these results provide little evidence of additional, independent genetic 
and environmental influences in the preschool factors.  The common variance in the preschool 
factors, rather than something unique to each preschool measure, is what accounts for the 
longitudinal relations between individual differences in the preschool measures and reading and 
spelling development.  Given the small shared environmental estimates for the reading and 
spelling measures, however, the overlapping genetic factors may matter more in the long run 
than the overlapping shared environmental factors. 
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Discussion 
 After approximately a year of consistent, formalized literacy instruction, one of the best 
predictors of future reading ability is current reading ability.  Identifying skills in pre-readers that 
correlate with future reading ability is important, therefore, for suggesting potential avenues for 
early reading interventions, as well as for increasing our understanding of how reading 
acquisition builds upon early language and cognitive skills.  The aims of the present study were 
to assess the extent to which skills assessed in preschoolers predicted individual differences in 
early reading and spelling development, and to explore the etiology of these relations.  Our 
results showed that, on their own, preschool skills (i.e., print knowledge, rapid naming, 
phonological awareness, vocabulary, and phonological memory) predicted both individual 
differences at the end of first grade as well as growth in word reading, reading comprehension, 
and spelling through the end of fourth grade, and that these relations were primarily driven by 
genetic factors.  In addition, we found that the common variance shared amongst the preschool 
skills captured the bulk of the genetic and shared environmental influences.  Finally, given that 
our reading and spelling measures showed little evidence of shared environmental influences, the 
reason why the preschool skills predicted future reading and spelling abilities, therefore, 
appeared to be largely general genetic influences rather than environmental influences. 
Review of Results 
 Phenotypic.  Before discussing the larger implications of the results, the main findings 
will be reviewed in more detail.  First, the phenotypic analyses found that each precursor skill 
was a significant predictor of individual differences in post-1st grade reading and spelling 
abilities.  While previous research has tied each of these skills to early reading ability (e.g., Adlof 
et al., 2010; de Jong & van der Leij, 1999; Georgiou et al., 2008; Hecht et al., 2000; Lonigan et 
  106 
al., 2000), these studies initially measured children after they had already started elementary 
school.  Given the rapid rate of early reading acquisition and the reciprocal nature of the relation 
between the precursor skills and reading ability, it is important to study precursor skills as early 
as possible.  As our results show, preschool levels of print knowledge, rapid naming, 
phonological awareness, vocabulary, and phonological memory are tied to post-1st grade reading 
and spelling abilities.      
 The present study is the first that we know of to model all five preschool skills in the 
same model, allowing us to estimate the amount of variance they account for together in early 
reading and spelling ability and growth.  The five preschool factors captured between 21 and 
32% of the variance in post-1st grade ability, and between 7 and 15% of the variance in growth 
on the reading and spelling measures.  While significant predictors, therefore, these percentages 
suggest that measuring skills in preschoolers does not account for most of the phenotypic 
variance in future reading and spelling ability.   
 In addition, to fully understand the phenotypic relations between early reading and 
spelling development and the five preschool skills, it is important to assess whether each 
preschool skill is a unique predictor, or instead shares common preschool variance that is, in turn, 
tied to future reading ability.  In the phenotypic structural equation models with all five skills 
included, print knowledge and rapid naming emerged as the two strongest unique preschool 
correlates of future reading and spelling acquisition.  
 Behavior-genetic.  The behavior-genetic results expanded upon the phenotypic results by 
showing that genetic variance in each of the precursor skills was shared with individual 
differences in post-1st grade reading and spelling, as well as with rates of growth through the end 
of fourth grade.  With the exception of print knowledge with word reading and reading 
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comprehension intercepts, there was little evidence that shared environmental influences 
accounted for the longitudinal relations between the precursor skills and reading and spelling 
ability.   
 When included in the same model, the preschool measures shared large amounts of 
genetic and shared environmental variance.  Only rapid naming and vocabulary showed 
independent genetic variance, and none of that independent genetic variance was significantly 
related to intercept or shape for the reading and spelling variables.  The genetic and shared 
environmental influences on this common variance were tied to post-1st grade reading and 
spelling.  Rates of growth on word reading and reading comprehension, but not spelling, also 
shared genetic influences with the intercept and preschool measures.   
 In addition, there was no evidence of additional genetic or environmental influences on 
reading and spelling growth after post-1st grade ability was controlled for.  These results, 
combined with the fact that the intercepts and rates of growth for the reading and spelling 
measures had large genetic estimates, suggest that common genetic factors in preschool account 
for the majority of the longitudinal relation with early reading and spelling development; genetic 
factors that allow children to excel at learning preschool skills also help children to excel at 
learning to read and spell compared to their peers.   
 An additional finding of interest was that the reading comprehension intercept had 
significant genetic influences after controlling for the common preschool variance and shape.  
Given that this loading was on the fourth factor, this additional variance appeared to be largely 
tied to variance in vocabulary.  The idea that vocabulary and reading comprehension have a 
stronger longitudinal relation than vocabulary with spelling and word reading is consistent with 
results from Olson et al. (2011).  Using a series of Cholesky models, Olson et al. found that the 
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genetic and shared environmental influences on preschool vocabulary almost completely 
overlapped with the genetic and shared environmental influences on fourth grade reading 
comprehension, while the etiologies of fourth grade word reading and nonword reading were 
somewhat separable from the etiology of early vocabulary.  
Implications of Growth Results 
 As noted in our previous studies using latent growth models (Christopher et al., 2012a; 
Christopher et al., in press) as well as shown in Table 10, there is little overall variance in our 
estimates of shape.  The children in our sample, therefore, appear to be growing in their reading 
and spelling abilities at similar rates from the end of first grade through the end of fourth grade.  
Given that our participants were drawn from across the Front Range of Colorado, and attend 
hundreds of different elementary schools, this is an interesting finding, as it argues that there is 
not a lot of effective variation in approaches to early literacy education after the first grade in our 
sampling region.   
 A consequence of the small overall variance in growth rates is that predicting individual 
differences in rates of growth is harder than for intercept; in general, the preschool skills were 
more strongly tied to post-1st grade intercept than shape, and their more modest relation to shape 
was not significantly independent from their relation to the intercept.  With the exception of 
growth in word reading, once post-1st grade ability was controlled for, there was no evidence for 
independent genetic and shared environmental factors on growth rates.  The genetic and shared 
environmental influences present at the end of first grade captured most of the genetic and shared 
environmental influences on growth. 
 In addition to having small amounts of variance for growth, the present study also found 
large nonshared environmental estimates for rates of growth on word reading, reading 
  109 
comprehension, and spelling.  Nonshared environmental influences could be primarily composed 
of measurement error, as well as any other influences that make twins different, regardless of 
zygosity.  In our previous studies of early reading and spelling growth (Christopher et al., 2012a; 
Christopher et al., in press), the reading and spelling variables were modeled as latent variables.  
By using latent intercept and shape variables, our previous studies, as well as other similar 
studies (Hart et al., in press; Logan et al., in press; Petrill et al., 2010), captured most of the 
nonshared environmental influences in the error terms on the observed variables rather than in 
the latent variable estimates.  In the present study, however, the intercept and shape variables 
were not latent variables in the analyses.  This is an important result, as the large nonshared 
environmental estimates suggest that trying to measure growth in a practical setting (e.g., on 
standardized tests) is challenging at best, with measures of gains being highly unreliable. 
 The small overall variance in growth rates from post-1st grade through post-4th grade 
combined with evidence that the growth estimates are highly unreliable indicates that predicting 
individual differences in how quickly children learn to read and spell may be problematic.  In the 
absence of interventions or other factors that could affect an individual’s growth rate, knowing 
how well children are performing early on, even as early as the end of first grade, will tell a lot 
about how well they will be reading and spelling many years later (see also Francis et al., 1996; 
Juel, 1988; McNamara, Scissons, & Gutknecth, 2011; Scarborough, 1998; Torgesen, Rashotte, & 
Alexander, 2001).  Developing and identifying reliable instruments to predict early levels of 
reading ability, therefore, may be more important than trying to predict rates of reading 
acquisition after controlling for early levels of reading. 
  
  110 
Limitations  
 Before expanding upon the larger implications of the present study, it is important to 
highlight conclusions that should not be drawn from our models.  Specifically, the estimates of 
genetic and environmental influences are averages for our sample and other similar samples, but 
will not generalize to all populations.  The same is true for the tests used in the present study.  
For example, Keenan, Betjemann, and Olson (2008) have shown that reading comprehension 
tests differ in the extent to which they are dependent upon word reading and oral comprehension 
skills.  Tests with longer passages tend to tap general oral comprehension skills, while tests with 
shorter passages, such as the reading comprehension measure used in the present study, are 
largely dependent upon word reading skills.  If a different reading comprehension measure was 
used, therefore, it is possible that the etiology could be different. 
 In addition, our results do not say anything regarding the etiological influences that affect 
reading development for a particular child; it is possible that some children in our sample may 
have struggled learning to read for largely environmental reasons rather than largely genetic 
reasons.  Finally, the genetic and environmental estimates are proportions of total variance in our 
sample.  Increasing the amount of environmental variance in the sample, perhaps by including a 
wider range of socio-economic statuses, including children learning languages that are not 
English, or including children receiving different approaches to literacy education could increase 
the overall environmental variance and change the results.    
 Additional Findings and Implications 
  By measuring potential precursor skills in preschoolers, modeling the precursor skills as 
latent variables, and including a spelling measure in addition to the reading measures, the present 
study expands upon previous research by providing insight into the etiology of the covariance 
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between preschool skills and reading and spelling acquisition.  Rather than environmental 
influences, genetic factors appear to be the primary reasons why skills measurable in 
preschoolers predict future reading and spelling performance.  While there was some evidence of 
shared environmental influences, the overall magnitude of shared environmental influences on 
early reading and spelling is very small; thus, it is unlikely that shared environmental factors at 
preschool have much average influence on individual differences in future reading and spelling 
abilities, at least through the end of fourth grade. 
 In addition, the finding that the genetic influences in preschool phonological awareness, 
phonological memory, and vocabulary are largely shared with those on print knowledge has 
implications for understanding what the genetic influences are.  Rather than phonological 
awareness capturing something unique about future reading ability, for example, it appears that 
levels of phonological awareness may be capturing variance in children’s general capacity to 
learn print-sound associations.  
 A recent study from the same dataset has explored the genetic variance shared by 
learning and reading measures (Byrne et al., in press).  Using twins from the U.S., Australia, and 
Scandinavia, Byrne et al. combined exploratory factor analyses with behavior-genetic 
approaches using the preschool letter-name knowledge, phonological memory, and vocabulary 
measures included in the present study, as well as a preschool measure of sound-symbol learning, 
second grade measures of orthographic learning, a second grade measure of vocabulary, and 
second grade word reading and nonword reading.  The authors found that the genetic influences 
on orthographic learning, as well as some of the genetic influences on preschool sound-symbol 
learning, were shared with the genetic influences on letter name knowledge, word reading, and 
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nonword reading.   The authors concluded that children’s rates of visual-verbal associative 
learning are genetically linked to individual differences in reading performance.  
 The present study also explored whether reading and spelling were longitudinally 
predicted by the same preschool skills.  In general, results for post-1st grade intercepts were 
similar for word reading, reading comprehension, and spelling; thus, spelling development and 
reading development appear to be similarly influenced by the precursor skills.  In addition, 
variation in rates of growth on spelling was significantly positively correlated with four of the 
five preschool variables (the exception being print knowledge).  Reading comprehension growth, 
on the other hand, was only significantly correlated with print knowledge and rapid naming and, 
importantly, these relations were negative.  Likewise, variance in word reading growth was 
positively correlated with phonological memory, but negatively correlated with print knowledge, 
rapid naming, phonological awareness, and vocabulary.  In other words, children with higher 
levels of reading comprehension and word reading as first graders had slower rates of growth 
through the end of fourth grade.  These results suggest that measures of early reading 
development may reach ceiling earlier than measures of spelling.  It is possible this could reflect 
the items used on the tests themselves, or, alternatively, this could reflect differences in 
approaches to spelling and reading instruction; reading instruction may be emphasized earlier in 
school, and given more time, than spelling instruction. 
 Taken together, the results of this study offer suggestions for developing interventions 
aimed at children at-risk for future reading difficulties.  For example, slower learning rates mean 
that children identified as at-risk for future reading problems will need to devote more time to 
learning to read than their peers.  Rather than training up specific preschool skills and hoping 
that transfers over to future reading, it may be more effective to focus on increasing the amount 
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of reading time.  In addition, given that the five preschool factors only accounted for 
approximately 30% of the variance in reading and spelling ability at the end of first grade, early 
identification could benefit from additional variables.  One possibility is to assess children’s rate 
of growth on a preschool measure.  Children who struggle to learn phonological awareness even 
with direct and targeted instruction, for example, are likely to continue to struggle learning to 
read.  At the same time, the static measures of preschool print knowledge and rapid naming 
captured almost as much variance in reading and spelling as did the model with all five 
predictors in it.  Given that resources are limited, researchers may be able to cut down on testing 
by only including measures of print knowledge and rapid naming.  
Conclusion 
 The present study found that assessing print knowledge, rapid naming, phonological 
awareness, vocabulary, and phonological memory in pre-readers accounted for between 21 and 
32% of the variance in post-1st grade reading and spelling and between 7 and 18% of variance in 
reading and spelling growth through the end of fourth grade; thus, these preschool factors do 
partially predict how well children learn to read and spell.   In addition, the behavior-genetic 
analyses provided insight into the sources of these longitudinal relations: The preschool 
measures share large amounts of genetic variance that, in turn, are tied to both how well children 
were reading at the end of first grade and how quickly they continued to learn through the end of 
fourth grade.  This finding, combined with the small variance in growth rates and large estimates 
of non-shared environmental influences, raise questions about the efficacy of tying differences in 
approaches to literacy education to differences in children’s reading and spelling acquisition.  
For children with access to consistent and formalized early literacy education, factors such as 
learning rate appear to be much more crucial.  
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Chapter 5: 
Conclusion 
 The three studies in this dissertation were all centered on exploring the factors that 
underlie individual differences in early reading development.  By using twin data and focusing 
on rates of reading growth in addition to early reading ability, these studies provided a 
multifaceted exploration of the etiological influences that make children vary in their early 
reading development.  In general, all three studies showed that, for the twins in the three samples 
of the International Longitudinal Twin Study (ILTS; Byrne et al., 2009), genetic influences are 
the primary reason why children varied in their abilities to learn to read and why pre-reading 
skills were related to future reading ability.  This conclusion chapter will highlight additional 
findings across the three studies, as well as discussing the general implications of these results.  
 All three studies used growth modeling to estimate the etiology of individual differences 
in both the intercept (fixed at a particular assessment point) and on rates of growth (with three 
points, this is called shape when growth is nonlinear).  The first study, Christopher et al. (in 
press) was presented in Chapter 2.  This study was the first to fit data from the ILTS to biometric 
growth models; thus, the results of this study were the first step in understanding why children in 
the ILTS varied in their rates of reading acquisition.  Using Chapter 2 as a starting point, 
Chapters 3 and 4 expanded upon these results.  Given the complexity of each study, the main 
findings of each study will first be briefly reviewed.    
Brief Recap of Main Results 
  The goal of Christopher et al. (in press), contained within Chapter 2, was to fit all 
longitudinal literacy measures in the ILTS U.S. sample to biometric growth curve models.  
Petrill et al. (2010) was the first published study to apply this methodology to early reading data, 
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albeit with growth etiology results that seemed inconsistent with the etiology at each time point.  
By allowing the unique variances at each time point to correlate within twin pair and zygosity, 
and by allowing for nonlinear growth, the modeling approach in Christopher et al. extended 
Petrill et al.’s methodology in important ways.   
 In total, four measures were modeled in Christopher et al. (in press): reading 
comprehension, spelling, word reading and nonword reading.  These measures were assessed at 
the end of first grade, end of second grade, and end of fourth grade, with word reading and 
nonword reading also assessed at the end of kindergarten.  In order to make the intercept results 
comparable across measures, the intercepts were all set at post-1st grade.  For all of the measures, 
individual differences at intercept were driven primarily by additive genetic influences.  
Importantly, individual differences on rates of growth through the end of fourth grade were also 
primarily driven by significant genetic influences, especially for word reading and nonword 
reading. In addition, the genetic correlations showed that the genetic influences on growth 
largely overlapped with the genetic influences at intercept.  While not significant, moderate 
shared environmental influences were found for growth in reading comprehension and spelling.  
However, given the small overall magnitudes of variance in growth on these two measures, it 
was argued that the practical implications of having growth in reading comprehension and 
spelling driven by either genetic or environmental factors might not be all that critical.  Given 
that the twins appeared to be growing at largely similar rates through the end of fourth grade, the 
large genetic influences on intercept variance is a more important indicator of why children vary 
in their reading abilities throughout elementary school.   
 In Chapter 3, Christopher et al. (2012a) expanded upon Christopher et al. (in press) both 
by shifting the developmental time window earlier and, most importantly, by using data from 
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twins growing up outside of the U.S.  Word reading, nonword reading, and spelling were 
assessed at post-kindergarten, post-1st grade, and post-2nd grade in twins from Australia, 
Scandinavia, and the U.S.  The results of this first study to compare the etiological patterns on 
individual differences in early reading growth cross-country were consistent with the theory that 
exposure to a year of formal literacy instruction decreases the overall amount of environmental 
variance between children.  As a result, individual differences in reading and spelling become 
less strongly tied to shared environmental influences, and, in turn, have higher genetic influences.  
Scandinavia, which has historically not started consistent literacy instruction until the first grade, 
had the highest shared environmental estimates at the post-kindergarten intercept.  Australia and 
the U.S., on the other hand, had intercepts that were primarily driven by genetic influences. 
 The etiologies of rates of growth from post-kindergarten through the end of second grade, 
however, were largely similar in the three samples: growth in word reading and nonword reading 
had large genetic estimates while spelling growth had both genetic and shared environmental 
influences.  Individual differences in spelling appear to have a different etiological pattern from 
reading, perhaps because spelling instruction is less consistent and standardized in early 
elementary school.  Importantly, the results from Christopher et al. (2012a) support the role of 
genetic influences in early reading development, especially after the first year of formalized, 
consistent literacy instruction.   
 Chapters 2 and 3 focused on deciphering the etiology of individual differences in early 
reading instruction.  While important for understanding average patterns of growth in early 
reading, these studies are limited to studying children as they start to read.  Children do not start 
to read in a vacuum.  Reading development occurs on a continuum, with reading building upon 
earlier cognitive and language skills.  Why and how do these preschool skills affect how well 
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children learn to read?  Chapter 4 (Christopher et al., 2012b) explored the etiology of the 
covariance between preschool skills and early reading and spelling development.  Rather than 
modeling intercept and shape as latent variables in a biometric growth model, Chapter 4 first 
estimated intercept and shape values for each child in a phenotypic growth model, and these 
estimated values were used as observed scores in all of the models.  This approach, modified 
from Finkel, Reynolds, McArdle, and Pederson (2005), was necessary as biometric growth 
modeling uses each twin pair as one data point, but the preschool variables varied within twin 
pair.       
 Intercept (post-1st grade) and shape (post-1st grade through post-4th grade) values were 
estimated for word reading, reading comprehension, and spelling.  In addition, five latent 
variables were formed, each made up of multiple preschool measures, capturing the early 
predictors of reading most often cited by previous research.  While each of the preschool factors 
shared genetic variance with intercept and shape, only print knowledge had shared 
environmental influences that were significantly related to word reading and reading 
comprehension intercepts.  After controlling for intercept, there was no evidence that any of the 
preschool factors shared significant genetic or environmental variance with rates of growth on 
the three literacy measures, offering additional evidence that early levels of reading may be 
better predictors of future reading than rates of growth.   
 In addition, in the Cholesky models that included all five factors simultaneously, 
common genetic preschool variance captured the majority of the covariance between early 
predictors and early reading development.  This is in spite of the fact that individual differences 
on two of the preschool measures, print knowledge and vocabulary, had very large shared 
environmental influences.  Not only, therefore, are genetic influences the primary reason why 
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children vary in their rates of early reading development, but also they are the main reason why 
skills measured in pre-readers predict future reading ability. 
Caveats  
 Before discussing the larger findings and implications of these results, it is important to 
highlight that all three studies share assumptions underlying the standard twin model.  In 
addition to assuming that the general environment in which monozygotic twins and dizygotic 
twins are similar (e.g., Kendler, Neale, Kessler, Heath, & Eaves, 1994), the standard twin model 
assumes that the genetic influences are additive.  To the extent that this assumption is violated, 
either by dominance or epistasis, the genetic estimates can become biased upwards, which leads 
to lower shared environmental estimates (Keller & Coventry, 2005; Keller, Medland, & Duncan, 
2010).  In other words, it is possible that shared environmental influences in each of the studies 
were underestimated to some extent.   
 On the other hand, there are reasons to think that any potential bias in the genetic 
estimates is minimal.  For example, the standard twin model also assumes that there is no 
assortative mating at work.  Violations of the assortative mating assumption may help to cancel 
out some of the non-additive effects, as these violations result in biases in the opposite direction: 
higher shared environmental estimates and lower genetic estimates.  In addition, some 
researchers argue that, for complex traits, there is little evidence that non-additive genetic 
variance is a major source of genetic variance (e.g., Hill, Goddard, & Visscher, 2008).  A final 
piece of evidence suggesting that the shared environmental estimates were not grossly 
underestimated comes from adoption studies, which compare the correlation between adopted 
siblings to the correlations between monozygotic and dizygotic twin pairs.  Most relevant for the 
present studies, adoption studies on reading generally find low correlations for unrelated adopted 
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siblings as well as shared environmental estimates that are comparable to twin studies (Petrill, 
Deater-Deckard, Thompson, DeThone, & Schatschneider, 2006; Wadsworth, Corley, Hewitt, & 
DeFries, 2001; Wadsworth, Corley, Plomin, Hewitt, & DeFries, 2006).  Therefore, while it is 
possible that the shared environmental estimates are somewhat underestimated, there are reasons 
to think that the magnitude of this underestimation is not large. 
 Although each chapter included the following disclaimers, they are important enough to 
warrant being repeated here.  First, the models and their estimates capture the average patterns of 
etiology in our samples.  They are not able to say anything regarding the etiology of a specific 
individual, nor do they say anything regarding the efficacy of potential interventions.  In addition, 
the results are specific to our samples, and samples like it.  Samples with larger amounts of 
environmental variance, perhaps due to different selection criteria, may have higher shared 
environmental estimates.  Different reading measures may also show different patterns of 
etiology.  For example, the reading comprehension measure used in the present studies is known 
to be highly dependent on word reading ability (Keenan, Betjemann, & Olson, 2008).  Other 
reading comprehension measures, specifically those with longer passages, tend to be more 
strongly tied to oral language skills, and may show different etiologies.  In summary, the three 
studies presented in this dissertation are important contributions because they provide a snapshot 
of why, on average, children in our samples varied in their development on reading and spelling 
measures. 
Implications 
 Keeping in mind the caveats outlined, the findings of the three studies have important 
implications for understanding individual differences in early reading development, specifically 
growth rates.  First, the phenotypic correlations between intercept at the end of first grade and 
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rates of growth were negative for word reading and reading comprehension, but positive for 
spelling.  The negative correlation indicates that, for these measures of reading, children who had 
the highest scores as first graders had lower rates of growth through the end of fourth grade than 
children with lower first grade scores.  This finding contrasts with theories, such as the Matthew 
Effect (Stanovich, 1986), that argue that variance in reading performance should increase over 
time as higher readers should continue to grow at faster rates than lower readers.   
 We acknowledge that it is possible that the negative correlations could reflect 
measurement issues, such as the items on the reading measures being not as sensitive to growth 
in older readers. In addition to specific items on the test, it is possible that how quickly the 
growth rates decline can vary depending upon the type of reading measured.  For example, the 
initial learning of phoneme-grapheme correspondences (i.e., figuring out how written and oral 
words are related) may result in fast rates of growth that slow as performance begins to reach 
ceiling.  That is, a word-decoding test with easier items may show sharper and earlier declines in 
growth than reading comprehension tests with longer passages.  However, it is important to note 
that other researchers using different reading measures also find a negative correlation between 
early levels of reading and growth rates (McCoach, O’Connell, Reis, & Levitt, 2006; Parrila, 
Aunola, Leskinen, Nurmi, & Kirby, 2005). The extent to which the negative correlation is an 
artifact of the measures used rather than reflecting the underlying trajectories of different reading 
skills is not clear.  Regardless, the fact that the negative correlation has also been found by other 
researchers strengthens the argument that reading variance does not increase over the elementary 
school period (in line with Shaywitz et al., 1995).   
 While the intercept-shape correlation was negative for the reading measures, it was 
positive for the spelling measure. The positive correlation suggests that spelling may have a 
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more gradual growth trajectory, perhaps reflecting that spelling instruction is less consistently 
emphasized in early elementary school.  This argument was also made in Chapter 3 using 
different evidence: the cross-country results showed that individual differences in spelling 
growth for all three samples had a mix of genetic and shared environmental influences, while 
individual differences in reading growth from the end of kindergarten through the end of second 
grade were largely due to genetic influences.  Given that the studies in this dissertation are the 
first that we know of to explore the trajectory of early spelling development, the idea that 
spelling may have a different trajectory than reading is an important result as it suggests that 
different aspects of literacy may vary in rates of growth. 
 In addition to shedding light onto the average growth trajectories of different literacy 
measures, the three studies also showed that the twins in our samples were growing (either from 
post-kindergarten to post-2nd grade, or from post-1st grade to post-4th grade) at very similar rates; 
there was little overall variance for growth on any of our measures, especially for reading 
comprehension and spelling.  Given that the twins in the studies came from hundreds of different 
schools in the U.S., Australia, and Scandinavia, in each chapter this finding was held up as 
arguing against the idea that differences amongst schools are the primary determiner of how 
quickly children learn to read and are, therefore, not the primary reason why some children fail 
to learn to read as well as their peers.  Indeed, rather than being the main reason why some 
children struggle to learn to read, the results of the cross-country study in Chapter 3 suggest that 
starting to receive formalized and consistent literacy education results in decreased 
environmental variance.  
 The univariate estimates for intercept and shape in Chapter 4 showed very high estimates 
of nonshared environment for shape, suggesting that, in addition to having small variance, 
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measures of rates of growth are unreliable.  Over the last decade, researchers and policy writers 
argued that understanding variance in growth rates may be as important, if not more important, 
than understanding variance in reading ability at a particular time point in development.  For 
example, the Colorado Growth Model developed by the Colorado Department of Education 
(Colorado Department of Education, n.d.), and currently being adapted for use in many other 
states, is based on trying to capture whether enough learning is happening at both the individual- 
and school-level to get all students up to state standards in reading.  In other words, the goal of 
the Colorado Growth Model is to assess the potential future reading ability of students rather 
than current performance.  To do this, student growth on Colorado state reading assessments 
given to all public school students in third grade and up is broken down into percentiles based on 
how much growth was historically seen in students at the same grade-level and with similar 
assessment scores.  These percentiles are then compared to the percentiles each student would 
need to be in so that his or her scores would be at grade level within three years (the “adequate 
growth percentile”).  It is possible for a student to be below grade level, but showing enough 
growth to potentially ameliorate this deficit over time.  School-level performance is estimated by 
the median of the students’ percentiles.  The small and unreliable variance in growth rates found 
in this dissertation raise concerns regarding the practical implications of relying on this growth 
model and, therefore, of labeling students and schools as being low in growth, at least when it 
comes to early reading.   
 The desire to focus on growth (i.e., potential for future ability) rather than current ability 
has also been shown in the learning disabilities literature.  With the reauthorization of the 
Individual with Disabilities Education Act (IDEA, 2004), there was a shift in federal education 
policy away from identifying children with reading disabilities using a discrepancy definition 
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only (i.e., reading score lower than would be expected given IQ score) to also using a response to 
intervention (RTI) framework (Compton, 2008).  Under RTI, children who do not learn as 
quickly as their peers with traditional classroom literacy instruction are provided with additional, 
more intensive and more individualized, reading instruction meant to get the children up to their 
peers.  Children who continue to struggle with this level of intervention then go on to receive 
additional, one-on-one, intensive instruction.  
 The appeal of RTI is obvious; potential struggling readers could be identified very early 
in the learning to read process rather than waiting to see who is behind after a few years of 
reading instruction.  The last decade of research into RTI, however, has revealed challenges in 
implementation of RTI in schools.  In particular, different researchers use different criteria for 
identifying children at risk, ranging from setting a cut point based on current ability only to 
setting a cut point based solely on rates of growth (e.g., Barth et al., 2008; Fuchs & Deshler, 
2007; Speece & Case, 2001).  Schatschneider, Wagner, and Crawford (2008) argue that focusing 
on how much growth a child has made is probably not the best identifier for RTI, as growth over 
multiple school years can be unreliable.  In addition, Schatschneider et al. found little evidence 
that growth in reading from the beginning of first grade to the beginning of second grade was 
able to capture much variance once first grade reading was controlled for.  While appealing in 
nature, using growth to identify potential struggling readers or to help rank students and schools 
may not be a realistic and reliable measurement approach. 
 Using growth as a major determiner of success in RTI may also be a problem because, as 
our results show, what little variance there is in growth is largely influenced by genetic factors.  
Genetic influences appear to be key to understanding individual differences in early reading 
acquisition, including the covariance between early predictors and reading development, early 
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reading ability after the first year of instruction, and in growth throughout elementary school.  
Again, it is important to note that this may not apply to samples who do not receive consistent 
and formalized reading instruction.  In the following paragraphs, the implications of the 
prevalence of genetic factors will be discussed more, especially in the context of reading 
interventions. 
 The fact that the twins in our samples showed, on average, that individual differences in 
early reading development were largely driven by genetic factors does not imply that there is 
nothing to be done for struggling readers.  The present findings suggest that there are two main 
approaches reading interventions can take.  First, if the concern is that the overall mean level of 
reading ability is not high enough, teachers and researchers can work to develop new reading 
curriculums for all students to use.  In addition, either in concert with new curriculums or on its 
own, the total amount of time spent on reading instruction and reading practice can be increased.  
Under this type of intervention, reading levels for all children could increase, including those at 
the bottom of the normal distribution of reading ability.  It is important to note that the present 
results say nothing regarding the etiological influences on the mean level.  If the overall variance 
between children stays the same, it is unlikely that the etiology of individual differences will 
change.  
 A second approach is to target only those children at the bottom of the reading 
distribution.  The goal of this approach is push in the lower tail of the distribution, and decrease 
the amount of variance in reading ability between children.  For interventions targeting the lower 
tails, the present results offer three main suggestions: start these interventions early, focus on 
compensating for slower learning rates for print-speech correspondence rather than specific pre-
reading skills, such as letter name knowledge, and work to counteract the genetic influences by 
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changing the gene-environment correlation between reading ability and a child’s literacy 
environment.  Each of these suggestions will now be expanded upon. 
 First, as argued in Chapter 4, starting interventions early is crucial given that genetic 
factors account for the majority of variance after the first year of formal reading instruction as 
individual differences in reading ability stabilize, as well as on subsequent rates of growth.  In 
addition, given that common genetic variance in preschool skills is largely responsible for the 
covariance between early predictors and reading ability, identification of children who might 
benefit from starting intervention efforts early may be possible using only a few measures of 
preschool skills, such as print knowledge and rapid naming.  However, the preschool factors only 
captured roughly a quarter to a third of the variance in post-1st grade reading ability, suggesting 
that early identification might benefit from including other potential indicators of success, such 
as family-risk, beginning of kindergarten skills, and how well the child responds to starting 
formal literacy instruction.    
  While preschool skills are related to future reading ability, the fact that the covariance is 
primarily due to genetic influences argues against focusing solely on training up the preschool 
skills measured in Chapter 4.  If the genetic influences on reading growth reflect a child’s 
learning rate, focusing on increasing a child’s phonological awareness on its own, for example, 
may not be as effective as giving the child a head start on learning to read (initially by teaching 
grapheme-phoneme correspondences; Byrne; 1998; Byrne & Fielding-Barnsley, 1989).  Having 
a slower learning rate implies that the child will need more time to learn a task than his or her 
peers; thus, by starting earlier, children at-risk for reading difficulties will have more exposure to 
text.  While it may be important to provide explicit instruction targeting specific phonological 
awareness or print knowledge skills if necessary, keeping the broader focus on trying to 
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minimize the consequences of slower learning rates may be more crucial.  The fact that 
individual differences in reading ability and subsequent growth are largely driven by genetic 
influences indicates that slower learning rates may persist throughout development, and 
struggling readers will continue to need additional time-on-task reading compared to their peers. 
 Unfortunately, while struggling readers may need more time-on-task, there is evidence 
that levels of motivation for reading are correlated with reading ability (Morgan & Fuchs, 2007).  
Children who struggle learning to read, even as young as first graders, report feeling less 
motivated to read than children who excel at learning to read (Morgan, Fuchs, Compton, Cordray, 
& Fuchs, 2008).  Importantly, motivation for reading affects how often a child seeks out 
opportunities to read and actively engages in reading (e.g., Becker, McElvany, & Kortenbruck, 
2010; Guthrie, Wigfield, Metsala, & Cox, 1999; Taboada, Tonks, Wigfield, & Guthrie, 2009; 
Wigfield & Guthrie, 1997).  This implies that the children who need the most time-on-task, the 
struggling readers, are less likely to spend time reading as their peers.  In other words, part of the 
large genetic estimates for individual differences in early reading ability reflects a gene-
environment correlation, wherein better readers read more often than those who are struggling 
(e.g., Harlaar, Dale, & Plomin, 2007; Harlaar, Deater-Deckard, Thompson, DeThorne, & Petrill, 
2011; Olson & Byrne, 2005).  Early identification and intervention efforts should attempt to 
lower the gene-environment correlation by increasing both motivation to read and time-on-task 
for struggling readers. 
 Inherent in the implications presented in this discussion is the idea that some children will 
need more time learning to read, and some of this extra time may need to come prior to other 
children learning to read.  In other words, if the goal is to push up the tail of the distribution up, 
having children at-risk for reading difficulties start to learn to read earlier than their peers may be 
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important to help minimize the gene-environment correlation.  While this runs contrary with the 
current push to teach reading to all children in kindergarten, there is evidence to support this idea.  
For example, Hanson and Farrell (1995) followed a large sample of children who started formal 
literacy instruction either in kindergarten or first grade out through the end of high school in 
order to assess whether the timing of instruction made a difference long-term.  Their results 
showed that the children who started reading instruction in kindergarten continued to have a 
slight performance advantage in twelfth grade compared to children who starting reading 
instruction in first grade.  However, at the time the study was conducted, whether a child 
received kindergarten literacy instruction and first grade literacy instruction varied within-district.  
Hanson and Farrell note this in their discussion as one possible reason why the effects of 
kindergarten reading instruction persisted: 
 How can such effects be understood?  One immediate notion is that the results were not 
 due to the kindergarten reading instruction alone, but rather to a combination of the 
 instruction and the “halo” effect that having early reading skills provided.  Students 
 entering first grade with the ability to read are probably held in higher esteem than 
 nonreaders and, thus, are labeled as “smart” by parents, teachers, and peers. (p. 928) 
If all children started to learn to read in kindergarten, the implication is that the benefits of 
kindergarten reading instruction in the long-term would have been diminished.  
 The fact that the three studies in this dissertation consistently showed that genetic 
influences were the primary reason why the twins in our samples varied in their reading 
acquisition is not fatalistic.  In fact, we present a much different position: knowing that genetic 
factors, rather than shared environmental factors, are crucial provides important insight into 
increasing the efficacy at both identifying and intervening with struggling readers.  At the same 
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time, it is important to note that the results also suggest that it is important to reconsider our 
expectations regarding children’s literacy.  Some children, even with extra time-on-task, good 
teachers, and focused interventions, may not be able to reach grade-level standards.   
Future Studies 
 While this dissertation provided an in-depth exploration of individual differences in early 
reading development, there is much more to do in this research area.  As noted earlier, the 
samples in these studies all come from societies that provide universal, consistent, and 
formalized literacy instruction.  Individual differences in samples that do not have this access to 
education will likely have different etiological patterns.  Other forms of environmental variance, 
such as sampling from high poverty areas, can also impact the estimates of genetic and 
environmental influences.  Environmental variance can also arise out of different approaches to 
literacy education.  While the present results suggest that differences in literacy education in our 
sampling areas made little difference, wider educational variance could matter more.  For 
example, in societies that do not have universal literacy education, environmental differences 
may be the main influence on individual differences in reading ability.   
 Relatedly, it is important to explore how the etiology of individual differences in reading 
may look in other languages.  Chapter 3 started exploring this question using Scandinavian 
children, but there are still many open questions.  For example, why do children vary in learning 
to read in logographic languages?  Is it the same genetic influences that affect learning to read in 
English?  Also, do the preschool findings hold?  Or do different early skills capture variance in 
future reading ability?  All too often, reading results from one language are generalized to all 
reading.  Future studies can explore this issue directly, rather than relying upon speculation. 
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 Finally, the present studies began to speculate that the high genetic influences reflect 
differences in learning rate, specifically print-sound associative learning.  While there is some 
evidence supporting this idea, such as Byrne et al. (in press), this is an exciting avenue to explore.  
Are there other genetic factors at play?  For example, given that there is a known co-morbidity 
between reading disabilities and attention-deficit/hyperactivity disorder (e.g., Willcutt, 
Pennington, Olson, & DeFries, 2007), perhaps there are genetic pathways that are independent 
from learning rate that connect reading ability and attention.  Maybe there are genetic factors 
related to general levels of motivation, personality, working memory, or oral language that are 
important.  Or is learning rate for specific print-sound associations the main source of genetic 
differences in reading ability?  Understanding what these genetic factors are is crucial, both for 
explaining why children vary in their abilities to learn to read, as well as connecting reading to 
other complex cognitive traits. 
Final Conclusion 
 For children with access to consistent, formalized literacy instruction, genetic influences 
are the primary reason why some children learn to read quickly while others struggle.  This result 
suggests either that the approach to literacy education was very similar across classrooms in the 
ILTS samples, or, more likely, that the current variance in approaches to teaching reading in the 
ILTS samples has little effective influence on individual differences in early reading ability on 
average.  In addition, the genetic factors that influence reading development overlap with pre-
reading skills and are the main reason why pre-reading skills that have large shared 
environmental influences longitudinally predict reading.  The large genetic influences suggest 
that policy makers should be realistic rather than writing rules requiring all children to reach 
grade level.  At the same time, genetic factors do not mean that children who struggle learning to 
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read are doomed, and nothing can be done to help them.  Instead, we argue that understanding 
the role of both genetic influences and environmental influences aids in developing intervention 
methods to help the lowest readers.  There are real, biological reasons why children vary in their 
abilities to learn to read.  While additional exploration of these reasons is left to future studies, 
the studies in this dissertation provide important new insight into variance in early reading 
development. 
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Appendix:  
Choleksy Decompositions with Confidence Intervals 
Table A-1.   
TOWRE Sight Intercept and Shape with Print Knowledge Latent 
Variable. 
Factor Loadings 
 A1 A2 A3 a2 
Intercept .88* [.80, .91] 
  .78* 
[.63, .83] 
Shape 
-.70* 
[-.77, -.57] 
-.13 
[-.32, .32] 
 .51* 
[.34, .61] 
Print Knowledge .32* [.20, .44] 
.41 
[-.54, .54] 
.00 
[-.51, .51] 
.27* 
[.14, .41] 
     
 C1 C2 C3 c2 
Intercept 
-.21* 
[-.43, -.07] 
  .05* 
[.01, .18] 
Shape 
.08 
[-.11, .41] 
.21 
[-.30, .30] 
 .05 
[.00, .20] 
Print Knowledge -.82* [-.90, -.32] 
-.19 
[-.75, .75] 
.00 
[-.76, .76] 
.70* 
[.57, .81] 
     
 E1 E2 E3 e2 
Intercept .42* [.38, .47] 
  .18* 
[.14, .22] 
Shape -.43* [-.50, -.35] 
.51* 
[.47, .55] 
 .44* 
[.37, .52] 
Print Knowledge 
.05 
[-.01, .11] 
.00 
[-.05, .06] 
.17 
[-.26, .26] 
.03 
[.00, .07] 
Note: Intercept = estimated post-1st grade score; Shape = estimated 
nonlinear rate of growth through post-4th grade; a2 = proportion of 
variance due to genetic influences; c2 = proportion of variance due to 
shared environmental influences; e2 = proportion of variance due to 
nonshared environmental influences; ; Print Knowledge Latent Variable 
= Concepts about Print, Letter Identification, Sound Identification, and 
Word Cards. 
* p < .05, determined by 95% confidence intervals shown in brackets. 
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Table A-2.   
TOWRE Sight Intercept and Shape with Rapid Naming Latent 
Variable. 
Factor Loadings 
 A1 A2 A3 a2 
Intercept .90* [.80, .92] 
  .81* 
[.63, .86] 
Shape 
-.72* 
[-.78, -.57] 
-.10 
[-.32, .32] 
 .53* 
[.32, .63] 
Rapid Naming .35* [.19, .51] 
-.03 
[-.83, .83] 
.70 
[-.82, .82] 
.61* 
[.34, .83] 
     
 C1 C2 C3 c2 
Intercept 
.10 
[-.43, .43] 
  .01 
[.00, .18] 
Shape 
.15 
[-.43, .43] 
-.05 
[-.30, .30] 
 .03 
[.00, .22] 
Rapid Naming .31 [-.63, .63] 
.21 
[-.60, .60] 
.14 
[-.58, .58] 
.16 
[.00, .40] 
     
 E1 E2 E3 e2 
Intercept .42* [.38, .47] 
  .18* 
[.14, .22] 
Shape -.43* [-.51, -.35] 
.51* 
[.46, .55] 
 .44* 
[.37, .52] 
Rapid Naming 
.09* 
[.01, .18] 
.03 
[-.05, .12] 
-.47* 
[-.55, -.39] 
.23* 
[.16, .32] 
Note: Intercept = estimated post-1st grade score; Shape = estimated 
nonlinear rate of growth through post-4th grade; a2 = proportion of 
variance due to genetic influences; c2 = proportion of variance due to 
shared environmental influences; e2 = proportion of variance due to 
nonshared environmental influences; Rapid Naming Latent Variable = 
Reverse Coded Colors and Objects. 
* p < .05, determined by 95% confidence intervals shown in brackets. 
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Table A-3.   
TOWRE Sight Intercept and Shape with Phonological Awareness Latent 
Variable. 
Factor Loadings 
 A1 A2 A3 a2 
Intercept -.90* [-.92, -.80] 
  .80* 
[.63, .85] 
Shape 
.72* 
[.57, .78] 
-.05 
[-.31, .31] 
 .52* 
[.33, .63] 
Phonological Awareness -.36* [-.53, -.21] 
.75 
[-.89, .89] 
.00 
[-.89, .89] 
.70* 
[.48, .96] 
     
 C1 C2 C3 c2 
Intercept 
.15 
[-.41, .41] 
  .02 
[.00, .18] 
Shape 
.04 
[-.41, .41] 
-.19 
[-.30, .30] 
 .04 
[.00, .21] 
Phonological Awareness .53 [-.72, .72] 
.13 
[-.66, .66] 
.00 
[-.65, .65] 
.30* 
[.04, .52] 
     
 E1 E2 E3 e2 
Intercept .42* [.38, .46] 
  .18* 
[.14, .22] 
Shape -.43* [-.50, -.35] 
.51* 
[.47, .55] 
 .44* 
[.37, .52] 
Phonological Awareness 
-.01 
[-.09, .06] 
.00 
[-.07, .08] 
.00 
[-.17, .17] 
.00 
[.00, .03] 
Note: Intercept = estimated post-1st grade score; Shape = estimated nonlinear 
rate of growth through post-4th grade; a2 = proportion of variance due to 
genetic influences; c2 = proportion of variance due to shared environmental 
influences; e2 = proportion of variance due to nonshared environmental 
influences; Phonological Awareness Latent Variable = Syllable and Phoneme 
Blending, Sound Matching, Word Elision, Syllable and Phoneme Elision, and 
Rhyme and Final Sounds. 
* p < .05, determined by 95% confidence intervals shown in brackets. 
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Table A-4.   
TOWRE Sight Intercept and Shape with Vocabulary Latent Variable. 
Factor Loadings 
 A1 A2 A3 a2 
Intercept .90* [.80, .92] 
  .81* 
[.64, .85] 
Shape 
-.72* 
[-.78, -.57] 
.08 
[-.31, .31] 
 .53* 
[.33, .63] 
Vocabulary .23* [.09, .37] 
-.38 
[-.54, .54] 
.00 
[-.54, .54] 
.20* 
[.05, .36] 
     
 C1 C2 C3 c2 
Intercept 
-.11 
[-.43, .43] 
  .01 
[.00, .18] 
Shape 
-.12 
[-.42, .42] 
-.12 
[-.30, .30] 
 .03 
[.00, .21] 
Vocabulary -.67 [-.96, .96] 
.49 
[-.91, .91] 
.33 
[-.92, .92] 
.80* 
[.64, .93] 
     
 E1 E2 E3 e2 
Intercept .42* [.38, .47] 
  .18* 
[.14, .22] 
Shape -.43* [-.50, -.35] 
.51* 
[.47, .55] 
 .44* 
[.37, .52] 
Vocabulary 
.07 
[.00, .14] 
.06 
[-.01, .12] 
.00 
[-.27, .27] 
.01 
[.00, .08] 
Note: Intercept = estimated post-1st grade score; Shape = estimated 
nonlinear rate of growth through post-4th grade; a2 = proportion of 
variance due to genetic influences; c2 = proportion of variance due to 
shared environmental influences; e2 = proportion of variance due to 
nonshared environmental influences; Vocabulary Latent Variable = 
100 Pictures and WPPSI Vocabulary. 
* p < .05, determined by 95% confidence intervals shown in 
brackets. 
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Table A-5.   
TOWRE Sight Intercept and Shape with Phonological Memory Latent 
Variable. 
Factor Loadings 
 A1 A2 A3 a2 
Intercept .90* [.80, .92] 
  .81* 
[.63, 86] 
Shape 
-.72* 
[-.78, -.57] 
.04 
[-.32, .32] 
 .52* 
[.32, .63] 
Phonological Memory .30* [.15, .46] 
.66 
[-.82, .82] 
.05 
[-.81, .81] 
.53* 
[.33, .77] 
     
 C1 C2 C3 c2 
Intercept 
-.10 
[-.43, .43] 
  .01 
[.00, .18] 
Shape 
-.15 
[-.44, .44] 
-.08 
[-.30, .30] 
 .03 
[.00, .21] 
Phonological Memory -.27 [-.77, .77] 
.57 
[-.76, .76] 
.15 
[-.76, .76] 
.42* 
[.20, .61] 
     
 E1 E2 E3 e2 
Intercept .42* [.38, .47] 
  .18* 
[.14, .22] 
Shape -.43* [-.51, -.35] 
.51* 
[.46, .55] 
 .45* 
[.37, .52] 
Phonological Memory 
.03 
[-.04, .10] 
.01 
[-.06, .08] 
-.21 
[-.36, .36] 
.05 
[.00, .13] 
Note: Intercept = estimated post-1st grade score; Shape = estimated 
nonlinear rate of growth through post-4th grade; a2 = proportion of variance 
due to genetic influences; c2 = proportion of variance due to shared 
environmental influences; e2 = proportion of variance due to nonshared 
environmental influences; Phonological Memory Latent Variable = 
WRAML Story Memory, WPPSI Sentence, and Non-word Repetition. 
* p < .05, determined by 95% confidence intervals shown in brackets. 
 
  
  152 
 
 
Table A-6.   
Woodcock Passage Comprehension Intercept and Shape with Print 
Knowledge Latent Variable. 
Factor Loadings 
 A1 A2 A3 a2 
Intercept .85* [.75, .88] 
  .73* 
[.56, .78] 
Shape 
-.41* 
[-.50, -.25] 
-.37* 
[-.45, -.18] 
 .31* 
[.13, .40] 
Print Knowledge .42* [.30, .53] 
.34* 
[.15, .47] 
.00 
[-.35, .35] 
.29* 
[.17, .43] 
     
 C1 C2 C3 c2 
Intercept 
.18* 
[.05, .43] 
  .03* 
[.002, .18] 
Shape 
.11 
[-.31, .25] 
.00 
[-.36, .36] 
 .01 
[.00, .17] 
Print Knowledge .83* [.28, .89] 
.00 
[-.76, .76] 
.00 
[-.66, .66] 
.69* 
[.56, .79] 
     
 E1 E2 E3 e2 
Intercept .49* [.45, .55] 
  .24* 
[.20, .30] 
Shape -.45* [-.53, -.36] 
.69* 
[.64, .75] 
 .68* 
[.59, .78] 
Print Knowledge 
.07* 
[.01, .12] 
.04 
[-.01, .09] 
-.13 
[-.23, .23] 
.02 
[.00, .06] 
Note: Intercept = estimated post-1st grade score; Shape = estimated 
nonlinear rate of growth through post-4th grade; a2 = proportion of 
variance due to genetic influences; c2 = proportion of variance due to 
shared environmental influences; e2 = proportion of variance due to 
nonshared environmental influences; Print Knowledge Latent Variable 
= Concepts about Print, Letter Identification, Sound Identification, and 
Word Cards. 
* p < .05, determined by 95% confidence intervals shown in brackets. 
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Table A-7.   
Woodcock Passage Comprehension Intercept and Shape with Rapid 
Naming Latent Variable. 
Factor Loadings 
 A1 A2 A3 a2 
Intercept .85* [.73, .89] 
  .72* 
[.53, .80] 
Shape 
-.37* 
[-.50, -.17] 
-.18 
[-.45, .45] 
 .17* 
[.03, .38] 
Rapid Naming .31* [.13, .47] 
.61 
[-.81, .81] 
-.30 
[-.81, .81] 
.68* 
[.30, .78] 
     
 C1 C2 C3 c2 
Intercept 
.19 
[-.45, .45] 
  .04 
[.00, .20] 
Shape 
-.04 
[-.45, .45] 
.32 
[-.43, .43] 
 .11 
[.00, .25] 
Rapid Naming .33 [-.64, .64] 
.31 
[-.58, .58] 
.00 
[-.51, .51] 
.20* 
[.01, .42] 
     
 E1 E2 E3 e2 
Intercept .50* [.45, .55] 
  .25* 
[.20, .30] 
Shape -.47* [-.56, -.37] 
.71* 
[.65, .76] 
 .73* 
[.61, .82] 
Rapid Naming 
.11* 
[.03, .20] 
.03 
[-.05, .10] 
-.48* 
[-.56, -.40] 
.24* 
[.17, .33] 
Note: Intercept = estimated post-1st grade score; Shape = estimated 
nonlinear rate of growth through post-4th grade; a2 = proportion of 
variance due to genetic influences; c2 = proportion of variance due to 
shared environmental influences; e2 = proportion of variance due to 
nonshared environmental influences; Rapid Naming Latent Variable = 
Reverse Coded Colors and Objects. 
* p < .05, determined by 95% confidence intervals shown in brackets. 
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Table A-8.   
Woodcock Passage Comprehension Intercept and Shape with Phonological 
Awareness Latent Variable. 
Factor Loadings 
 A1 A2 A3 a2 
Intercept .84* [.73, .89] 
  .70* 
[.53, .79] 
Shape 
-.41* 
[-.53, -.22] 
-.14 
[-.40, .40] 
 .19* 
[.06, .36] 
Phonological Awareness .51* [.36, .67] 
.63 
[-.76, .76] 
.00 
[-.76, .76] 
.66* 
[.46, .88] 
     
 C1 C2 C3 c2 
Intercept 
-.22 
[-.46, .46] 
  .05 
[.00, .21] 
Shape 
-.09 
[-.40, .34] 
-.29 
[-.43, .43] 
 .09 
[.00, .23] 
Phonological Awareness -.48 [-.73, .73] 
-.33 
[-.61, .61] 
.00 
[-.38, .38] 
.34* 
[.12, .53] 
     
 E1 E2 E3 e2 
Intercept .50* [.45, .55] 
  .25* 
[.20, .31] 
Shape -.46* [-.55, -.37] 
.71* 
[.66, .76] 
 .72* 
[.62, .81] 
Phonological Awareness 
-.04 
[-.11, .04] 
.06 
[-.01, .13] 
.00 
[-.17, .17] 
.01 
[.00, .03] 
Note: Intercept = estimated post-1st grade score; Shape = estimated nonlinear 
rate of growth through post-4th grade; a2 = proportion of variance due to 
genetic influences; c2 = proportion of variance due to shared environmental 
influences; e2 = proportion of variance due to nonshared environmental 
influences; Phonological Awareness Latent Variable = Syllable and Phoneme 
Blending, Sound Matching, Word Elision, Syllable and Phoneme Elision, and 
Rhyme and Final Sounds. 
* p < .05, determined by 95% confidence intervals shown in brackets. 
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Table A-9.   
Woodcock Passage Comprehension Intercept and Shape with 
Vocabulary Latent Variable. 
Factor Loadings 
 A1 A2 A3 a2 
Intercept .86* [.74, .89] 
  .73* 
[.55, .79] 
Shape 
-.36* 
[-.50, -.17] 
.23 
[-.44, .44] 
 .18* 
[.03, .36] 
Vocabulary .37* [.23, .51] 
-.22 
[-.43, .43] 
.00 
[-.43, .43] 
.18* 
[.07, .34] 
     
 C1 C2 C3 c2 
Intercept 
.15 
[-.43, .43] 
  .02 
[.00, .19] 
Shape 
-.07 
[-.43, .39] 
.30 
[-.43, .43] 
 .10 
[.00, .25] 
Vocabulary .65 [-.96, .96] 
.62 
[-.90, .90] 
.00 
[-.81, .81] 
.81* 
[.65, .92] 
     
 E1 E2 E3 e2 
Intercept .50* [.45, .55] 
  .25* 
[.20, .30] 
Shape -.47* [-.56, -.38] 
.71* 
[.65, .76] 
 .72* 
[.62, .82] 
Vocabulary 
.06 
[-.01, .13] 
.03 
[-.03, .09] 
.00 
[-.23, .23] 
.00 
[.00, .06] 
Note: Intercept = estimated post-1st grade score; Shape = estimated 
nonlinear rate of growth through post-4th grade; a2 = proportion of 
variance due to genetic influences; c2 = proportion of variance due to 
shared environmental influences; e2 = proportion of variance due to 
nonshared environmental influences; Vocabulary Latent Variable = 
100 Pictures and WPPSI Vocabulary. 
* p < .05, determined by 95% confidence intervals shown in 
brackets. 
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Table A-10.   
Woodcock Passage Comprehension Intercept and Shape with Phonological 
Memory Latent Variable. 
Factor Loadings 
 A1 A2 A3 a2 
Intercept .86* [.73, .89] 
  .74* 
[.54, .80] 
Shape 
-.35* 
[-.49, -.15] 
.23 
[-.45, .45] 
 .18* 
[.03, .36] 
Phonological Memory .55* [.38, .71] 
-.27 
[-.66, .66] 
-.39 
[-.67, .67] 
.52* 
[.32, .75] 
     
 C1 C2 C3 c2 
Intercept 
.12 
[-.44, .44] 
  .01 
[.00, .20] 
Shape 
-.11 
[-.49, .49] 
-.29 
[-.43, .43] 
 .10* 
[.001, .25] 
Phonological Memory -.21 [-.78, .78] 
-.48 
[-.77, .77] 
.39 
[-.70, .70] 
.43* 
[.22, .61] 
     
 E1 E2 E3 e2 
Intercept .50* [.45, .55] 
  .25* 
[.20, .31] 
Shape -.48* [-.57, -.38] 
.71* 
[.65, .76] 
 .72* 
[.62, .82] 
Phonological Memory 
-.01 
[-.08, .06] 
.07 
[.00, .13] 
-.23 
[-.37, .37] 
.06 
[.00, .14] 
Note: Intercept = estimated post-1st grade score; Shape = estimated 
nonlinear rate of growth through post-4th grade; a2 = proportion of variance 
due to genetic influences; c2 = proportion of variance due to shared 
environmental influences; e2 = proportion of variance due to nonshared 
environmental influences; Phonological Memory Latent Variable = 
WRAML Story Memory, WPPSI Sentence, and Non-word Repetition. 
* p < .05, determined by 95% confidence intervals shown in brackets. 
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Table A-11.   
WRAT Spelling Intercept and Shape with Print Knowledge Latent 
Variable. 
Factor Loadings 
 A1 A2 A3 a2 
Intercept .84* [.72, .89] 
  .71* 
[.52, .80] 
Shape 
.38* 
[.19, .52] 
.15 
[-.55, .55] 
 .17* 
[.04, .38] 
Print Knowledge .38* [.26, .51] 
-.34 
[-.49, .49] 
.00 
[-.49, .49] 
.26* 
[.14, .41] 
     
 C1 C2 C3 c2 
Intercept 
.25* 
[.01, .49] 
  .06 
[.00, .24] 
Shape 
-.29 
[-.48, .42] 
-.28 
[-.54, .54] 
 .16* 
[.002, .29] 
Print Knowledge .45 [-.07, .89] 
-.57 
[-.84, .84] 
-.43 
[-.84, .84] 
.71* 
[.58, .81] 
     
 E1 E2 E3 e2 
Intercept .48* [.43, .53] 
  .23* 
[.19, .28] 
Shape -.31* [-.40, -.22] 
.76* 
[.70, .82] 
 .67* 
[.58, .76] 
Print Knowledge 
.04 
[-.01, .10] 
.03 
[-.02, .09] 
-.16 
[-.26, .26] 
.03 
[.00, .07] 
Note: Intercept = estimated post-1st grade score; Shape = estimated 
nonlinear rate of growth through post-4th grade; a2 = proportion of 
variance due to genetic influences; c2 = proportion of variance due to 
shared environmental influences; e2 = proportion of variance due to 
nonshared environmental influences; Print Knowledge Latent Variable = 
Concepts about Print, Letter Identification, Sound Identification, and 
Word Cards. 
* p < .05, determined by 95% confidence intervals shown in brackets. 
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Table A-12.   
WRAT Spelling Intercept and Shape with Rapid Naming Latent 
Variable. 
Factor Loadings 
 A1 A2 A3 a2 
Intercept .83* [.72, .90] 
  .69* 
[.51, .80] 
Shape 
.37* 
[.18, .51] 
.10 
[-.53, .53] 
 .14* 
[.04, .36] 
Rapid Naming .23* [.05, .41] 
-.72 
[-.86, .86] 
.00 
[-.86, .86] 
.58* 
[.31, .81] 
     
 C1 C2 C3 c2 
Intercept 
.30 
[-.50, .50] 
  .09 
[.00, .25] 
Shape 
-.19 
[-.53, .53] 
-.38 
[-.54, .54] 
 .18* 
[.01, .30] 
Rapid Naming .23 [-.58, .58] 
-.37 
[-.60, .60] 
.00 
[-.55, .55] 
.23 
[.00, .41] 
     
 E1 E2 E3 e2 
Intercept .48* [.43, .53] 
  .23* 
[.19, .28] 
Shape -.31* [-.39, -.22] 
.76* 
[.70, .82] 
 .68* 
[.58, .76] 
Rapid Naming 
.04 
[-.04, .13] 
.09* 
[.01, .17] 
.47* 
[.39 .56] 
.24* 
[.16, .33] 
Note: Intercept = estimated post-1st grade score; Shape = estimated 
nonlinear rate of growth through post-4th grade; a2 = proportion of 
variance due to genetic influences; c2 = proportion of variance due to 
shared environmental influences; e2 = proportion of variance due to 
nonshared environmental influences; Rapid Naming Latent Variable = 
Reverse Coded Colors and Objects. 
* p < .05, determined by 95% confidence intervals shown in brackets. 
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Table A-13.   
WRAT Spelling Intercept and Shape with Phonological Awareness Latent 
Variable. 
Factor Loadings 
 A1 A2 A3 a2 
Intercept -.84* [-.90, -.72] 
  .71* 
[.52, .81] 
Shape 
-.38* 
[-.52, -.18] 
.11 
[-.55, .55] 
 .15* 
[.04, .38] 
Phonological Awareness -.43* [-.62, -.25] 
-.71 
[-.87, .87] 
.00 
[-.87, .87] 
.69* 
[.48, .95] 
     
 C1 C2 C3 c2 
Intercept 
-.26 
[-.49, .49] 
  .07 
[.00, .24] 
Shape 
.28 
[-.54, .54] 
-.31 
[-.55, .55] 
 .17 
[.00, .30] 
Phonological Awareness -.23 [-.68, .68] 
-.35 
[-.68, .68] 
-.36 
[-.67, .67] 
.31* 
[.05, .52] 
     
 E1 E2 E3 e2 
Intercept .48* [.43, .53] 
  .23* 
[.19, .28] 
Shape -.31* [-.40, -.22] 
.76* 
[.70, .82] 
 .68* 
[.58, .76] 
Phonological Awareness 
.02 
[-.05, .10] 
.05 
[-.03, .12] 
.00 
[-.16, .16] 
.00 
[.00, .03] 
Note: Intercept = estimated post-1st grade score; Shape = estimated nonlinear 
rate of growth through post-4th grade; a2 = proportion of variance due to 
genetic influences; c2 = proportion of variance due to shared environmental 
influences; e2 = proportion of variance due to nonshared environmental 
influences; Phonological Awareness Latent Variable = Syllable and Phoneme 
Blending, Sound Matching, Word Elision, Syllable and Phoneme Elision, and 
Rhyme and Final Sounds. 
* p < .05, determined by 95% confidence intervals shown in brackets. 
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Table A-14.   
WRAT Spelling Intercept and Shape with Vocabulary Latent 
Variable. 
Factor Loadings 
 A1 A2 A3 a2 
Intercept .84* [.72, 90] 
  .71* 
[.52, .81] 
Shape 
.37* 
[.18, .52] 
.20 
[-.55, .55] 
 .17* 
[.05, .39] 
Vocabulary .27* [.12, .41] 
-.37 
[-.54, .54] 
.00 
[-.52, .52] 
.21* 
[.06, .37] 
     
 C1 C2 C3 c2 
Intercept 
.25 
[-.49, .49] 
  .06 
[.00, .24] 
Shape 
-.27 
[-.52, .52] 
-.29 
[-.54, .54] 
 .15 
[.00, .29] 
Vocabulary .26 [-.95, .95] 
-.39 
[-.94, .94] 
.75 
[-.94, .94] 
.78* 
[.63, .92] 
     
 E1 E2 E3 e2 
Intercept .48* [.43, .53] 
  .23* 
[.19, .28] 
Shape -.31* [-.39, -.22] 
.76* 
[.70, .82] 
 .67* 
[.58, .76] 
Vocabulary 
.03 
[-.03, .10] 
.05 
[-.01, .11] 
.00 
[-.29, .29] 
.00 
[.00, .09] 
Note: Intercept = estimated post-1st grade score; Shape = estimated 
nonlinear rate of growth through post-4th grade; a2 = proportion of 
variance due to genetic influences; c2 = proportion of variance due to 
shared environmental influences; e2 = proportion of variance due to 
nonshared environmental influences; Vocabulary Latent Variable = 
100 Pictures and WPPSI Vocabulary. 
* p < .05, determined by 95% confidence intervals shown in 
brackets. 
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Table A-15.   
WRAT Spelling Intercept and Shape with Phonological Memory Latent 
Variable. 
Factor Loadings 
 A1 A2 A3 a2 
Intercept .84* [.72, .90] 
  .71* 
[.52, .81] 
Shape 
.37* 
[.18, .51] 
.20 
[-.55, .55] 
 .17* 
[.05, .38] 
Phonological Memory .33* [.16, .49] 
-.66 
[-.81, .81] 
.00 
[-.79, .79] 
.54* 
[.33, .78] 
     
 C1 C2 C3 c2 
Intercept 
.26 
[-.49, .49] 
  .07 
[.00, .24] 
Shape 
-.26 
[-.53, .53] 
.30 
[-.54, .54] 
 .16* 
[.01, .29] 
Phonological Memory  .11 [-.75, .75] 
.41 
[-.76, .76] 
-.49 
[-.74, .74] 
.42* 
[.20, .60] 
     
 E1 E2 E3 e2 
Intercept .48* [.43, .53] 
  .23* 
[.19, .28] 
Shape -.31* [-.39, -.22] 
.76* 
[.70, .82] 
 .67* 
[.58, .76] 
Phonological Memory 
.03 
[-.04, .10] 
.08* 
[.02, .15] 
.19 
[-.35, .35] 
.04 
[.00, .13] 
Note: Intercept = estimated post-1st grade score; Shape = estimated 
nonlinear rate of growth through post-4th grade; a2 = proportion of variance 
due to genetic influences; c2 = proportion of variance due to shared 
environmental influences; e2 = proportion of variance due to nonshared 
environmental influences; Phonological Memory Latent Variable = 
WRAML Story Memory, WPPSI Sentence, and Non-word Repetition. 
* p < .05, determined by 95% confidence intervals shown in brackets. 
 
 
  
162 
Ta
bl
e 
A
-1
6.
   
G
en
et
ic
, E
nv
iro
nm
en
ta
l, 
an
d 
Ph
en
ot
yp
ic
 C
or
re
la
tio
ns
 o
f P
re
sc
ho
ol
 L
at
en
t V
ar
ia
bl
es
 w
ith
 T
O
W
R
E 
Si
gh
t. 
 
 
 
Pr
in
t  
K
no
w
le
dg
e 
R
ap
id
  
N
am
in
g 
Ph
on
ol
og
ic
al
 A
w
ar
en
es
s 
V
oc
ab
ul
ar
y 
Ph
on
ol
og
ic
al
  
M
em
or
y 
 
In
te
rc
ep
t 
Sh
ap
e 
In
te
rc
ep
t 
Sh
ap
e 
In
te
rc
ep
t 
Sh
ap
e 
In
te
rc
ep
t 
Sh
ap
e 
In
te
rc
ep
t 
Sh
ap
e 
G
en
et
ic
 C
or
re
la
tio
ns
 
Sh
ap
e 
-.9
8*
 
[-1
.0,
 -.9
0] 
 
-.9
9*
 
[-
1.
0,
 -.
90
] 
 
-1
.0
0*
 
[-
1.
0,
 -.
91
] 
 
-.9
9*
 
[-
1.
0,
 -.
91
] 
 
-1
.0
0*
 
[-
1.
0,
 -.
90
] 
 
Pr
ed
ic
to
r 
.61
* 
[.4
0, 
.85
] 
-.7
4*
 
[-.
96
, -.
43
] 
.4
5*
 
[.2
5,
 .6
4]
 
-.4
4*
 
[-
.7
4,
 -.
10
] 
.4
4*
 
[.2
6,
 .6
3]
 
-.5
0*
 
[-
.7
7,
 -.
22
] 
.5
2*
 
[.2
2,
 .9
4]
 
-.6
1*
 
[-
.9
9,
 -.
16
] 
.4
1*
 
[.2
0,
 .6
2]
 
-.3
6*
 
[-
.6
8,
 -.
04
] 
 
 
 
 
 
 
 
 
 
 
 
Sh
ar
ed
 E
nv
ir
on
m
en
ta
l C
or
re
la
tio
ns
 
Sh
ap
e 
-.3
7 
[-1
.0,
 1.
0] 
 
.9
5 
[-
1.
0,
 1
.0
] 
 
.2
1 
[-
1.
0,
 1
.0
] 
 
.7
0 
[-
1.
0,
 1
.0
] 
 
.8
8 
[-
1.
0,
 1
.0
] 
 
Pr
ed
ic
to
r 
.97
* 
[.4
0, 
1.0
] 
-.5
8 
[-1
.0,
 1.
0] 
.7
7 
[-
1.
0,
 1
.0
] 
.5
7 
[-
1.
0,
 1
.0
] 
.9
7 
[-
1.
0,
 1
.0
] 
-.0
2 
[-
1.
0,
 1
.0
] 
.7
5 
[-
1.
0,
 1
.0
] 
.1
3 
[-
1.
0,
 1
.0
] 
.4
2 
[-
1.
0,
 1
.0
] 
-.0
4 
[-
1.
0,
 1
.0
] 
 
 
 
 
 
 
 
 
 
 
 
N
on
sh
ar
ed
 E
nv
ir
on
m
en
ta
l C
or
re
la
tio
ns
 
Sh
ap
e 
-.6
4*
 
[-.
71
, -.
56
] 
 
-.6
4*
 
[-
.7
1,
 -.
56
] 
 
-.6
4*
 
[-
.7
1,
 -.
56
] 
 
-.6
4*
 
[-
.7
1,
 -.
56
] 
 
-.6
4*
 
[-
.7
1,
 -.
56
] 
 
Pr
ed
ic
to
r 
.27
 
[-.
06
, 1
.0]
 
-.1
6 
[-.
98
, .1
7] 
.2
0*
 
[.0
2,
 .3
6]
 
-.0
7 
[-
.2
4,
 .1
0]
 
-.9
8 
[-
1.
0,
 1
.0
] 
.7
6 
[-
1.
0,
 1
.0
] 
.7
6*
 
[.0
3,
 1
.0
] 
.0
1 
[-
.7
3,
 .7
4]
 
.1
4 
[-
1.
0,
 1
.0
] 
-.0
5 
[-
1.
0,
 1
.0
] 
 
 
 
 
 
 
 
 
 
 
 
Ph
en
ot
yp
ic
 C
or
re
la
tio
ns
 
Sh
ap
e 
-.8
2*
 
[-
.8
4,
 -.
79
] 
 
-.8
2*
 
[-
.8
4,
 -.
79
] 
 
-.8
2*
 
[-
.8
4,
 -.
79
] 
 
-.8
2*
 
[-
.8
4,
 -.
79
] 
 
-.8
2*
 
[-
.8
4,
 -.
79
] 
 
Pr
ed
ic
to
r 
.4
7*
 
[.4
1,
 .5
4]
 
-.4
0*
 
[-
.4
6,
 -.
33
] 
.3
9*
 
[.3
2,
 .4
5]
 
-.2
4*
 
[-
.3
0,
 -.
16
] 
.4
0*
 
[.3
2,
 .4
7]
 
-.3
0*
 
[-
.3
7,
 -.
22
] 
.3
1*
 
[.2
3,
 .3
8]
 
-.1
7*
 
[-
.2
5,
 -.
09
] 
.3
1*
 
[.2
3,
 .3
9]
 
-.2
1*
 
[-
.2
8,
 -.
12
] 
N
ot
e:
 In
te
rc
ep
t =
 e
st
im
at
ed
 p
os
t-1
st
 g
ra
de
 sc
or
e;
 S
ha
pe
 =
 e
st
im
at
ed
 n
on
lin
ea
r r
at
e 
of
 g
ro
w
th
 th
ro
ug
h 
po
st
-4
th
 g
ra
de
. 
* 
p 
< 
.0
5,
 d
et
er
m
in
ed
 b
y 
95
%
 c
on
fid
en
ce
 in
te
rv
al
s s
ho
w
n 
in
 b
ra
ck
et
s. 
   
 
  
163 
Ta
bl
e 
A
-1
7.
   
G
en
et
ic
, E
nv
iro
nm
en
ta
l, 
an
d 
Ph
en
ot
yp
ic
 C
or
re
la
tio
ns
 o
f P
re
sc
ho
ol
 L
at
en
t V
ar
ia
bl
es
 w
ith
 W
oo
dc
oc
k 
Pa
ss
ag
e 
C
om
pr
eh
en
si
on
. 
 
 
 
Pr
in
t  
K
no
w
le
dg
e 
R
ap
id
  
N
am
in
g 
Ph
on
ol
og
ic
al
 A
w
ar
en
es
s 
V
oc
ab
ul
ar
y 
Ph
on
ol
og
ic
al
  
M
em
or
y 
 
In
te
rc
ep
t 
Sh
ap
e 
In
te
rc
ep
t 
Sh
ap
e 
In
te
rc
ep
t 
Sh
ap
e 
In
te
rc
ep
t 
Sh
ap
e 
In
te
rc
ep
t 
Sh
ap
e 
G
en
et
ic
 C
or
re
la
tio
ns
 
Sh
ap
e 
-.7
5*
 
[-
.9
1,
 -.
59
] 
 
-.8
9*
 
[-
1.
0,
 -.
57
] 
 
-.9
4*
 
[-
1.
0,
 -.
68
] 
 
-.8
4*
 
[-
1.
0,
 -.
58
] 
 
-.8
4*
 
[-
1.
0,
 -.
52
] 
 
Pr
ed
ic
to
r 
.7
7*
 
[.6
0,
 .9
2]
 
-1
.0
* 
[-
1.
0,
 -.
74
] 
.4
1*
 
[.1
9,
 .6
2]
 
-.7
3*
 
[-
.9
9,
 -.
06
] 
.6
3*
 
[.4
7,
 .7
9]
 
-.8
5*
 
[-
1.
0,
 -.
31
] 
.8
6*
 
[.5
6,
 1
.0
] 
-1
.0
* 
[-
1.
0,
 -.
18
] 
.7
6*
 
[.5
4,
 .9
8]
 
-.8
4*
 
[-
1.
0,
 -.
19
] 
 
 
 
 
 
 
 
 
 
 
 
Sh
ar
ed
 E
nv
ir
on
m
en
ta
l C
or
re
la
tio
ns
 
Sh
ap
e 
1.
00
 
[-
.8
2,
 1
.0
] 
 
-.1
3 
[-
1.
0,
 1
.0
] 
 
.2
9 
[-
.7
5,
 1
.0
] 
 
-.2
2 
[-
1.
0,
 1
.0
] 
 
-.3
6 
[-
1.
0,
 1
.0
] 
 
Pr
ed
ic
to
r 
1.
00
* 
[.3
5,
 1
.0
] 
1.
00
 
[-
.0
7,
 1
.0
] 
.7
3 
[-
1.
0,
 1
.0
] 
.5
8 
[-
1.
0,
 1
.0
] 
.8
2 
[-
1.
0,
 1
.0
] 
.7
9 
[-
.0
7,
 1
.0
] 
.7
2 
[-
1.
0,
 1
.0
] 
.5
1*
 
[.0
1,
 1
.0
] 
-.3
2 
[-
1.
0,
 1
.0
] 
.8
0*
 
[.0
1,
 1
.0
] 
 
 
 
 
 
 
 
 
 
 
 
N
on
sh
ar
ed
 E
nv
ir
on
m
en
ta
l C
or
re
la
tio
ns
 
Sh
ap
e 
-.5
4*
 
[-
.6
2,
 -.
45
] 
 
-.5
5*
 
[-
.6
3,
 -.
46
] 
 
-.5
4*
 
[-
.6
2,
 -.
44
] 
 
-.5
5*
 
[-
.6
3,
 -.
46
] 
 
-.5
6*
 
[-
.6
4,
 -.
46
] 
 
Pr
ed
ic
to
r 
.4
4*
 
[.1
0,
 1
.0
] 
-.0
1 
[-
.4
9,
 .5
4]
 
.2
2*
 
[.0
5,
 .3
8]
 
-.0
8 
[-
.2
4,
 .0
8]
 
-.5
0 
[-
1.
0,
 .7
3]
 
1.
00
* 
[.1
1,
 1
.0
] 
.8
6 
[-
1.
0,
 1
.0
] 
-.0
6 
[-
.9
9,
 .9
7]
 
-.0
4 
[-
.8
0,
 .7
0]
 
.2
6 
[-
.0
4,
 1
.0
] 
 
 
 
 
 
 
 
 
 
 
 
Ph
en
ot
yp
ic
 C
or
re
la
tio
ns
 
Sh
ap
e 
-.5
5*
 
[-
.6
0,
 -.
50
] 
 
-.5
5*
 
[-
.6
0,
 -.
50
] 
 
-.5
5*
 
[-
.6
0,
 -.
50
] 
 
-.5
5*
 
[-
.6
0,
 -.
50
] 
 
-.5
5*
 
[-
.6
0,
 -.
50
] 
 
Pr
ed
ic
to
r 
.5
3*
 
[.4
7,
 .5
9]
 
-.2
1*
 
[-
.2
8,
 -.
13
] 
.3
8*
 
[.3
1,
 .4
4]
 
-.1
7*
 
[-
.2
4,
 -.
10
] 
.5
2*
 
[.4
5,
 .5
8]
 
-.1
0*
 
[-
.1
7,
 -.
02
] 
.4
5*
 
[.3
7,
 .5
1]
 
-.0
5 
[-
.1
2,
 .0
3]
 
.4
4*
 
[.3
7,
 .5
1]
 
-.0
4 
[-
.1
1,
 .0
4]
 
N
ot
e:
 In
te
rc
ep
t =
 e
st
im
at
ed
 p
os
t-1
st
 g
ra
de
 sc
or
e;
 S
ha
pe
 =
 e
st
im
at
ed
 n
on
lin
ea
r r
at
e 
of
 g
ro
w
th
 th
ro
ug
h 
po
st
-4
th
 g
ra
de
. 
* 
p 
< 
.0
5,
 d
et
er
m
in
ed
 b
y 
95
%
 c
on
fid
en
ce
 in
te
rv
al
s s
ho
w
n 
in
 b
ra
ck
et
s. 
   
 
 
  
164 
Ta
bl
e 
A
-1
8.
   
G
en
et
ic
, E
nv
iro
nm
en
ta
l, 
an
d 
Ph
en
ot
yp
ic
 C
or
re
la
tio
ns
 o
f P
re
sc
ho
ol
 L
at
en
t V
ar
ia
bl
es
 w
ith
 W
R
A
T 
Sp
el
lin
g.
 
 
 
 
Pr
in
t 
K
no
w
le
dg
e 
R
ap
id
 
N
am
in
g 
Ph
on
ol
og
ic
al
 
A
w
ar
en
es
s 
V
oc
ab
ul
ar
y 
Ph
on
ol
og
ic
al
 
M
em
or
y 
 
In
te
rc
ep
t 
Sh
ap
e 
In
te
rc
ep
t 
Sh
ap
e 
In
te
rc
ep
t 
Sh
ap
e 
In
te
rc
ep
t 
Sh
ap
e 
In
te
rc
ep
t 
Sh
ap
e 
G
en
et
ic
 C
or
re
la
tio
ns
 
Sh
ap
e 
.9
3*
 
[.4
0,
 1
.0
] 
 
.9
6*
 
[.3
8,
 1
.0
] 
 
.9
6*
 
[.3
9,
 1
.0
] 
 
.8
8*
 
[.3
8,
 1
.0
] 
 
.8
8*
 
[.3
8,
 1
.0
] 
 
Pr
ed
ic
to
r 
.7
5*
 
[.5
2,
 .9
7]
 
.4
5 
[-
.1
6,
 1
.0
] 
.2
9*
 
[.0
7,
 .5
4]
 
.0
4 
[-
.5
7 
.6
5]
 
.5
2*
 
[.3
1,
 .7
3]
 
.2
7 
[-
.3
0,
 .8
4]
 
.5
9*
 
[.2
8,
 .9
7]
 
.1
4 
[-
.4
8,
 .9
6]
 
.4
4*
 
[.2
2,
 .6
6]
 
-.0
3 
[-
.5
4,
 .5
7]
 
 
 
 
 
 
 
 
 
 
 
 
Sh
ar
ed
 E
nv
ir
on
m
en
ta
l C
or
re
la
tio
ns
 
Sh
ap
e 
-.7
2 
[-
1.
0,
 .9
3]
 
 
-.4
6 
[-
1.
0,
 1
.0
] 
 
-.6
7 
[-
1.
0,
 1
.0
] 
 
-.6
8 
[-
1.
0,
 1
.0
] 
 
-.6
5 
[-
1.
0,
 1
.0
] 
 
Pr
ed
ic
to
r 
.5
4 
[-
.0
9,
 1
.0
] 
.0
8 
[-
.3
8,
 1
.0
] 
.5
2 
[-
1.
0,
 1
.0
] 
.5
2 
[-
1.
0,
 1
.0
] 
.4
2 
[-
1.
0,
 1
.0
] 
.1
9 
[-
.8
6,
 1
.0
] 
.2
9 
[-
1.
0,
 1
.0
] 
.1
3 
[-
.3
3,
 1
.0
] 
.1
7 
[-
1.
0,
 1
.0
] 
.3
8 
[-
.2
8,
 1
.0
] 
 
 
 
 
 
 
 
 
 
 
 
N
on
sh
ar
ed
 E
nv
ir
on
m
en
ta
l C
or
re
la
tio
ns
 
Sh
ap
e 
-.3
8*
 
[-
.4
8,
 -.
28
] 
 
-.3
8*
 
[-
.4
8,
 -.
27
] 
 
-.3
8*
 
[-
.4
8,
 -.
27
] 
 
-.3
8*
 
[-
.4
8,
 -.
27
] 
 
-.3
8*
 
[-
.4
7,
 -.
27
] 
 
Pr
ed
ic
to
r 
.2
6 
[-
.0
5,
 1
.0
] 
.0
8 
[-
.3
7,
 .7
9]
 
.0
8 
[-
.0
9,
 .2
5]
 
.1
4 
[-
.0
2,
 .3
0]
 
.3
9 
[-
1.
0,
 1
.0
] 
.7
0 
[-
1.
0,
 1
.0
] 
.5
1 
[-
1.
0,
 1
.0
] 
.6
0 
[-
1.
0,
 1
.0
] 
.1
3 
[-
.4
1,
 .8
7]
 
.3
1 
[.0
0,
 1
.0
] 
 
 
 
 
 
 
 
 
 
 
 
Ph
en
ot
yp
ic
 C
or
re
la
tio
ns
 
Sh
ap
e 
.1
0*
 
[.0
3,
 .1
6]
 
 
.1
0*
 
[.0
3,
 .1
6]
 
 
.1
0*
 
[.0
3,
 .1
6]
 
 
.1
0*
 
[.0
3,
 .1
6]
 
 
.1
0*
 
[.0
3,
 .1
6]
 
 
Pr
ed
ic
to
r 
.4
6*
 
[.3
9,
 .5
2]
 
.1
3*
 
[.0
6,
 .2
1]
 
.2
8*
 
[.2
0,
 .3
5]
 
.1
6*
 
[.0
9,
 .2
3]
 
.4
4*
 
[.3
6,
 .5
0]
 
.1
6*
 
[.0
8,
 .2
4]
 
.3
1*
 
[.2
3,
 .3
8]
 
.1
0*
 
[.0
2,
 .1
8]
 
.3
1*
 
[.2
4,
 .3
9]
 
.1
4*
 
[.0
6,
 .2
2]
 
N
ot
e:
 In
te
rc
ep
t =
 e
st
im
at
ed
 p
os
t-1
st
 g
ra
de
 sc
or
e;
 S
ha
pe
 =
 e
st
im
at
ed
 n
on
lin
ea
r r
at
e 
of
 g
ro
w
th
 th
ro
ug
h 
po
st
-4
th
 g
ra
de
. 
* 
p 
< 
.0
5,
 d
et
er
m
in
ed
 b
y 
95
%
 c
on
fid
en
ce
 in
te
rv
al
s s
ho
w
n 
in
 b
ra
ck
et
s. 
 
  165 
Table A-19.   
TOWRE Sight Intercept and Shape with All Preschool Latent Variables. 
 Factor Loadings  
 A1 A2 A3 A4 A5 A6 A7 a2 
Print 
Knowledge  
.49*       .24* 
[.35, .62]       [.12, .38] 
Rapid 
Naming  
.28* -.73*      .61* 
[.002, .54] [.83, -.53]      [.36, .76] 
Phonological 
Awareness 
.57* .05 -.41     .50* 
[.36, .76] [-.16, .31] [-.58, .58]     [.34, .66] 
Vocabulary .28* .06 -.12 -.33    .20* [.11, .45] [-.12, .24] [-.42, .42] [-.45, .45]    [.10, .34] 
Phonological 
Memory 
.28* .02 -.27 -.58 -.01   .48* 
[.05, .51] [-.19, .26] [-.70, 70] [-.68, .68] [-.43, .43]   [.30, .68] 
Intercept .56* -.20 -.08 -.14 -.32 .54  .77* [.36, .86] [-.43, .06] [-.70, .70] [-.71, .71] [-.81, .81] [-.80, .80]  [.63, 1.0] 
Shape 
-.54* .12 -.02 .08 .22 -.37 .00 .50* 
[-.71, -.31] [-.13, .35] [-.54, .54] [-.56, .56] [-.61, .61] [-.61, .61] [-.28, .28] [.34, .61] 
 C1 C2 C3 C4 C5 C6 C7 c2 
Print 
Knowledge  
.85*       .72* 
[.77, .91]       [.58, .82] 
Rapid 
Naming  
.27* -.30*      .16* 
 [.11, .42] [-.54, -.02]      [.04, .38] 
Phonological 
Awareness 
.53* -.29 -.33     .48* 
[.40, .65] [-.55, .07] [-.53, .53]     [.33, .63] 
Vocabulary .61* -.38 -.35 .37    .77* [.49, .72] [-.71, .06] [-.66, .66] [-.53, .53]    [.64, .87] 
Phonological 
Memory 
.46* -.26 -.45 -.16 .00   .50* 
[.31, .59] [-.64, .26] [-.65, .65] [-.38, .38] [-.39, .39]   [.31, .67] 
Intercept .21* .03 .09 .00 .01 .05  .06* [.07, .35] [-.24, .29] [-.34, .34] [-.34, .34] [-.37, .37] [-.37, .37]  [.01, .21] 
Shape -.13 -.20 .00 .01 .02 .05 .00 .06 [-.27, .01] [-.39, .17] [-.38, .38] [-.38, .38] [-.39, .39] [-.39, .39] [-.27, .27] [.00, .21] 
 E1 E2 E3 E4 E5 E6 E7 e2 
Print 
Knowledge  
.20*       .04* 
[.12, .28]       [.01, .08] 
Rapid 
Naming  
.25* .41*      .23* 
[.07, .43] [.23, .51]      [.16, .31] 
Phonological 
Awareness 
.11 -.09 .05     .02 
[-.02, .24] [-.20, .03] [-.19, .19]     [.00, .07] 
Vocabulary .14* .00 -.04 -.04    .02 [.04, .24] [-.10, .11] [-.18, .18] [-.18, .18]    [.00, .06] 
Phonological 
Memory 
.12 .03 -.02 -.02 .00   .02 
[-.01, .24] [-.12, .14] [-.23, .23] [-.24, .24] [-.20, .20]   [.00, .08] 
Intercept .10 .03 -.40 -.01 .00 .00  .18* [-.02, .23] [-.14, .15] [-.46, .46] [-.52, .49] [-.43, .43] [-.43, .43]  [.14, .28] 
Shape -.10 .01 .41 -.49 .00 .00 .00 .44* [-.29, .08] [-.15, .23] [-.71, .71] [-.71, .71] [-.71, .71] [-.71, .71] [-.53, .53] [.37, .52] 
Note: Intercept = estimated post-1st grade score; Shape = estimated nonlinear rate of growth through post-4th grade; a2 = 
proportion of variance due to genetic influences; c2 = proportion of variance due to shared environmental influences; e2 = 
proportion of variance due to nonshared environmental influences. 
* p < .05, determined by 95% confidence intervals shown in brackets. 
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Table A-20.   
Woodcock Passage Comprehension Intercept and Shape with All Preschool Latent Variables. 
 Factor Loadings  
 A1 A2 A3 A4 A5 A6 A7 a2 
Print 
Knowledge  
-.52*       .27* 
[-.63, -.39]       [.15, .40] 
Rapid 
Naming  
-.28* -.72*      .59* 
[-.51, -.03] [-.83, -.52]      [.34, .76] 
Phonological 
Awareness 
-.57* .06 -.41     .51* 
[-.39, -.75] [-.15, .32] [-.59, .59]     [.35, .66] 
Vocabulary -.28* .04 -.13 .31    .19* [-.43, -.12] [-.14, .22] [-.42, .42] [-.44, .44]    [.09, .32] 
Phonological 
Memory 
-.30* .00 -.26 .55 .04   .46* 
[-.50, -.10] [-.21, .24] [-.69, .69] [-.66, .66] [-.43, .43]   [.29, .64] 
Intercept -.66* -.09 -.19 .31* -.36 .01  .69* [-.92, -.48] [-.29, .16] [-.63, .63] [.05, .62] [-.60, .60] [-.58, .58]  [.54, 1.0] 
Shape 
.51* .07 -.01 -.11 -.08 .00 .00 .28* 
[.33, .61] [-.15, .26] [-.29, .29] [-.30, .12] [-.36, .36] [-.35, .35] [-.34, .34] [.13, .38] 
 C1 C2 C3 C4 C5 C6 C7 c2 
Print 
Knowledge  
.83*       .70* 
[.76, .89]       [.57, .80] 
Rapid 
Naming  
.27* -.31      .17* 
[.12, .41] [-.55, .55]      [.04, .38] 
Phonological 
Awareness 
.53* -.31 .31     .47* 
[.40, .64] [-.56, .56] [-.53, .53]     [.32, .62] 
Vocabulary .62* -.33 .40 .38    .79* [.50, .72] [-.71, .71] [-.68, .68] [-.54, .54]    [.67, .88] 
Phonological 
Memory 
.45* -.21 .50 -.15 .00   .51* 
[.31, .58] [-.65, .65] [-.67, .67] [-.44, .44] [-.45, .45]   [.34, .67] 
Intercept .19* -.10 -.11 .04 .00 .00  .06* [.06, .33] [-.35, .23] [-.36, .36] [-.36, .36] [-.37, .37] [-.34, .34]  [.01, .23] 
Shape .08 -.11 .15 -.03 .00 .00 .00 .04 [-.05, .19] [-.37, .24] [-.39, .39] [-.35, .35] [-.38, .38] [-.38, .38] [-.29, .29] [.00, .17] 
 E1 E2 E3 E4 E5 E6 E7 e2 
Print 
Knowledge  
.19*       .04* 
[.11, .27]       [.01, .07] 
Rapid 
Naming  
.26* -.41*      .23* 
[.08, .45] [-.52, -.21]      [.16, .32] 
Phonological 
Awareness 
.10 .08 .10*     .04 
[-.03, .22] [-.04, .19] [.02, .21]     [.00, .08] 
Vocabulary .14* .00 -.02 .04    .02 [.03, .23] [-.10, .12] [-.14, .11] [-.18, .18]    [.00, .06] 
Phonological 
Memory 
.10 -.02 .02 .09 .02   .01 
[-.03, .23] [-.14, .13] [-.18, .19] [-.27, .27] [-.22, .22]   [.00, .08] 
Intercept .19* -.02 -.43* -.03 .17 .00  .24* [.05, .35] [-.15, .24] [-.51, -.04] [-.60, .51] [-.48, .48] [-.48, .48]  [.20, .42] 
Shape -.04 .07 .65 .25 .44 -.01 .00 .68* [-.25, .18] [-.15, .30] [-.03, .86] [-.83, .83] [-.83, .83] [-.80, .80] [-.71, .71] [.59, .77] 
Note: Intercept = estimated post-1st grade score; Shape = estimated nonlinear rate of growth through post-4th grade; a2 
= proportion of variance due to genetic influences; c2 = proportion of variance due to shared environmental influences; 
e2 = proportion of variance due to nonshared environmental influences. 
* p < .05, determined by 95% confidence intervals shown in brackets. 
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Table A-21.   
WRAT Spelling Intercept and Shape with All Preschool Latent Variables.  
 Factor Loadings  
 A1 A2 A3 A4 A5 A6 A7 a2 
Print 
Knowledge  
.49*       .24* 
[.35, .62]       [.12, .38] 
Rapid 
Naming  
.29* .71*      .59* 
[.02, .56] [.50, .83]      [.34, .77] 
Phonological 
Awareness 
.57* -.04 .40*     .49* 
[.37, .77] [-.32, .18] [.01, .58]     [.33, .65] 
Vocabulary .28* -.04 .11 .33*    .20* [.11, .44] [-.23, .14] [-.26, .40] [-46, .46]    [.10, .34] 
Phonological 
Memory 
.29* -.01 .25 .58 .03   .48* 
[.07, .52] [-.26, .21] [-.46, .66] [-.68, .68] [-.43, .43]   [.30, .67] 
Intercept .65* .02 -.01 .14 .46 .16  .69* [.44, .86] [-.39, .35] [-.77, .38] [-.36, .64] [-.67, .67] [-.67, .67]  [.50, .81] 
Shape 
.18 -.03 -.03 -.04 .35 .12 .00 .17* 
[-.07, .43] [-.29, .22] [-.52, .33] [-.35, .43] [-.59, .59] [-.59, .59] [-.53, .53] [.05, .37] 
 C1 C2 C3 C4 C5 C6 C7 c2 
Print 
Knowledge  
.85*       .72* 
[.77, .91]       [.59, .82] 
Rapid 
Naming  
.26* .32      .17* 
[.10, .41] [-55, .55]      [.03, .39] 
Phonological 
Awareness 
.54* .24 .37     .49* 
[.41, .65] [-.55, .55] [-.54, .54]     [.33, .64] 
Vocabulary .61* .32 .40 .38    .78* [.50, .72] [-.71, .71] [-.66, .66] [-.53, .53]    [.64, .88] 
Phonological 
Memory 
.45* .21 .47 -.16 -.09   .50* 
[.31, .58] [-.64, .64] [-.65, .65] [-.38, .38] [-.39, .39]   [.32, .67] 
Intercept .14 .05 -.07 -.02 .22 .00  .08 [-.01, .27] [-.34, .35] [-.42, .42] [-.43, .43] [-.45, .45] [-.44, .44]  [.00, .25] 
Shape .03 .21 -.08 -.04 -.33 -.00 .00 .16* [-.11, .18] [-.50, .50] [-.50, .50] [-.51, .51] [-.52, .52] [-.51, .51] [-.51, .51] [.01, .29] 
 E1 E2 E3 E4 E5 E6 E7 e2 
Print 
Knowledge  
.21*       .04* 
[.12, .28]       [.01, .08] 
Rapid 
Naming  
.26* -.41*      .24* 
[.08, .44] [-.52, -.23]      [.16, .32] 
Phonological 
Awareness 
.11 .08 -.04     .02 
[-.02, .23] [-.20, .03] [-.19, .19]     [.00, .07] 
Vocabulary .14* .00 -.02 .01    .02 [.04, .24] [-.11, .09] [-.16, .16] [-.18, .18]    [00, .06] 
Phonological 
Memory 
.12 -.02 -.05 .03 .01   .02 
[-.02, .24] [-.14, .12] [-.24, .24] [-.26, .26] [-.20, .20]   [.00, .08] 
Intercept .10 .02 .12 .29 .33 .05  .22* [-.03, .28] [-.11, .23] [-.51, .51] [-.71, .53] [-.52, .52] [-.52, .52]  [.18, .29] 
Shape .07 -.09 -.80 -.02 -.13 -.01 .00 .67* [-.15, .29] [-.20, .14] [-.86, .86] [-.86, .86] [-.85, .85] [-.84, .84] [-.77, .77] [.58, .76] 
Note: Intercept = estimated post-1st grade score; Shape = estimated nonlinear rate of growth through post-4th grade; a2 = 
proportion of variance due to genetic influences; c2 = proportion of variance due to shared environmental influences; e2 
= proportion of variance due to nonshared environmental influences. 
* p < .05, determined by 95% confidence intervals shown in brackets. 
 
 
